Optimising hospital designs and processes to improve efficiency and enhance the user experience by Fraser L. Greenroyd (7175414)
 
 
Optimising hospital designs and 
processes to improve efficiency and 
enhance the user experience 
Fraser Lawrence Greenroyd 
  
 Smart Space 
BuroHappold Engineering Ltd. 
Bath 
BA2 3DQ 
 
Centre for Innovative and Collaborative 
Construction Engineering 
Department of Civil & Building Engineering 
Loughborough University 
Loughborough 
Leicestershire, LE11 3TU 
  
OPTIMISING HOSPITAL DESIGNS AND PROCESSES TO 
IMPROVE EFFICIENCY AND ENHANCE THE USER 
EXPERIENCE 
By 
Fraser Lawrence Greenroyd 
A dissertation thesis submitted in partial fulfilment of the requirements for the award of the 
degree Doctor of Engineering (EngD), at Loughborough University 
March 2018 
© by Fraser L Greenroyd 2018 
Smart Space 
BuroHappold Engineering Ltd. 
Bath 
BA2 3DQ 
Centre for Innovative and Collaborative Construction 
Engineering 
Department of Civil & Building Engineering 
Loughborough University 
Loughborough 
Leicestershire, LE11 3TU 
 

 Acknowledgements 
 
 i 
ACKNOWLEDGEMENTS 
This Engineering Doctorate (EngD) research would not have been possible without the 
funding provided from the Engineering and Physical Sciences Research Council (EPSRC) 
and BuroHappold Engineering Ltd., as well as the support of the Centre for Innovative and 
Collaborative Construction Engineering (CICE) at Loughborough University. 
 
I would like to thank Dr. Rebecca Hayward, who helped guide the industrial focus of the 
research and provided invaluable feedback, while also offering exciting and entertaining 
challenges to solve within the industrial setting. I would also like to thank my academic 
supervisors, Professor Andrew Price and Dr. Peter Demian, for their support and feedback on 
papers and coursework over the course of this research. Additionally, thanks must go to the 
staff at the CICE, in particular Dr. Steven Yeomans and Professor Jacqui Glass, who provided 
endless support and guidance in the completion of this research. 
 
Secondly, I wish to thank Janet and Lindsay Greenroyd for their proof reading and ‘lay-
person’ reviews of the research conducted and presented in this thesis. Their input as ‘non-
experts’ in this field aided the dissemination of this research. I wish also to acknowledge the 
support of friends and family, in particular my wife Doris, for providing much needed 
support, entertainment and consolation during the difficult times. 
 
Finally, I wish to thank those who were forced to listen to my ramblings about this research 
over the last four years. The sound boards provided by these people helped keep the research 
on track and ensured its outputs remained relevant to industry and academia at every step. 
 
 
Optimising hospital designs and processes to improve efficiency and enhance the user 
experience 
ii 
ABSTRACT 
The health sector is facing increasing pressure to provide effective, efficient, and affordable 
care to the population it serves. The National Health Service (NHS) of the United Kingdom 
(UK) has regularly faced scrutiny with NHS England being issued a number of challenges in 
recent years to improve operational efficiency, reduce wasted space, and cut expenditure. The 
most recent challenge issued to NHS England has seen a requirement to save £5bn per annum 
by 2020, while reducing wasted space from 4.4% to 2.5% across the NHS estate. Similarly, 
satisfaction in the health service is also under scrutiny as staff retention and patient 
experiences are used in determining the performance of facilities. 
 
A number of previous studies have examined the relationship between the design of a facility 
and its performance in terms of efficiency, effectiveness, and user experience. However, the 
recommendations and outcomes of these studies are typically bespoke and restricted to the 
facility they investigate, with few outcomes able to translate across all facilities. As such, 
there is a lack of understanding of how facilities are operating outside of studies that 
specifically examine a facility, whereby the understanding is fleeting for the lifetime of the 
study before obscurity surrounds the operations. 
 
This thesis is the culmination of a four-year EngD research programme that has investigated 
generalisable methods of understanding healthcare facility performance, enhancing the 
forecasting capabilities through accessible simulation technology, and improving the 
efficiency and user experience through optimised designs and operational processes. A review 
of the previous literature in the topic of healthcare design, efficiency, performance, and 
operations is presented, highlighting a number of areas where existing knowledge is not 
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generalisable to aid future healthcare design. These gaps are further explored through action 
research on healthcare development projects undertaken during the research period. The 
outcomes of the research introduce a range of new computational tools to aid healthcare 
designers in producing designs that enhance the user experience and improve efficiency, 
while simultaneously providing simulation technology in an accessible manner to healthcare 
operators for the efficient operation of a facility after construction. The tools presented 
combine computational efficiency with established engineering experience to produce the 
most appropriate design for a given facility. These tools include aiding signage placement 
strategies, automating healthcare data capture, and simulation modelling tools to aid 
healthcare design, planning and operations. Also presented are enhancements to existing 
knowledge for the design and operation of healthcare facilities supported by case studies 
undertaken during the research period. 
 
The thesis concludes with a critical review of the research undertaken, with key 
recommendations for the research sponsor and the healthcare design industry, along with 
outstanding areas for future research. The findings of the research were presented during the 
research period in five peer-reviewed papers. 
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Healthcare design, Wayfinding, Healthcare simulation, Healthcare optimisation, Healthcare 
operational modelling 
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PREFACE 
This thesis presents the research undertaken between 2014 and 2018 to fulfil the requirements 
of an Engineering Doctorate (EngD) at the Centre for Innovative and Collaborative 
Construction Engineering (CICE), Loughborough University. The research was supported by 
the CICE, and funded by the Engineering and Physical Sciences Research Council (EPSRC) 
with grant EPG037272 and the Smart Space team of BuroHappold Engineering Ltd. 
 
The EngD is a collaborative research programme where the researcher is placed within a 
sponsoring organisation and guided by both academic and industrial supervisors in 
undertaking research that directly benefits industry as well as academia. The EngD award 
requires that a minimum of three peer-reviewed publications be produced alongside a 
discourse in the form of a thesis. This thesis is supported by five peer-reviewed publications, 
consisting of two journal papers and three conference papers. 
 
The main body of this thesis presents an in-depth review of the research undertaken, the 
findings, and its implications for academia and industry. Specific details are provided in the 
accompanying papers included in Appendices A to E. The papers support specific work items 
within the overall research programme and are provided as reference for further detail of the 
research presented in this thesis. 
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1 INTRODUCTION 
This chapter introduces the research conducted as partial fulfilment of the Engineering 
Doctorate (EngD) programme with the Centre for Innovative and Collaborative construction 
Engineering (CICE) at Loughborough University. It outlines the context for the research, 
introduces the sponsoring company (BuroHappold Engineering Ltd.), sets out the aim and 
objectives, and provides a justification for why the research was completed. Also included are  
highlights of the findings and novelty of the research and what this thesis offers to the broader 
knowledge base of ‘optimising healthcare designs and processes to improve efficiency and 
enhance the user experience’. 
1.1 BACKGROUND TO THE RESEARCH 
The National Health Service (NHS) of England has been under increasing pressure to provide 
a top standard of healthcare while facing budget cuts and an aging populating with long-term 
medical conditions (NHS England, 2013b). In 2009, the NHS was issued the ‘Nicholson 
Challenge’ to make £20bn in efficiency savings by 2015 (Nicholson, 2009). This was updated 
in 2016 with the ‘Carter Report’ issuing a fresh challenge to make efficiency savings of £5bn 
per annum by 2020 (Carter, 2016). At the national scale, the NHS continues to struggle in 
satisfying the needs and ideals of its users and, as a result, facilities are increasingly unable to 
meet the standards set by government and the expectations held by users. Restrictions to the 
NHS budget hamper redevelopment opportunities for estates’ directors, providing numerous 
challenges when changing healthcare facilities. Unlike many industries, the health service 
cannot implement large scale changes without considering the impact on patient safety, with 
poor decisions leaving the NHS open to litigation (NHS Litigation Authority, 2014). The 
NHS faces political pressure, with political parties in the United Kingdom (UK) regularly 
using the NHS to leverage votes in election campaigns which lead to policy changes that 
Optimising hospital designs and processes to improve efficiency and enhance the user 
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affect how the NHS operates. For example, the Labour party introduced a 4-hour waiting time 
target for emergency departments (Department of Health, 2000), with a success threshold of 
98%. This was reduced to 95% in 2010 (NHS England, 2013a) by the Conservative-Liberal 
Democrat coalition government. This threshold change impacted how hospitals operated the 
emergency department to meet this target. 
 
The ‘Carter Report’ gave specific guidelines on how the £5bn per annum efficiency savings 
could be made, with: £2bn coming from an ‘optimised use of clinical workforce’; £1bn from 
‘estates and facilities management’; £0.8bn from ‘hospital pharmacy and medicines 
optimisation’; £0.7bn from ‘procurement’; £0.3bn from ‘corporate and administration (back 
office) costs’; and £0.2bn from ‘diagnostics – pathology and radiology’ (Carter, 2016). As 
part of this, the ‘Carter Report’ recommended that underused or unoccupied space should not 
exceed 2.5% by April 2017. In 2015, it was reported that 4.4% of NHS space was ‘under or 
un-utilised’ (Health and Social Care Information Centre, 2015). By the 2016 report this had 
reduced to 2.5% of ‘under used’ space (Estates & Facilities Team, 2016), however, the report 
noted that there was a change in definition for underutilised space between 2015 and 2016 
making direct comparisons impossible. Additionally, in 2017, the ‘Naylor Review’ 
recommended the establishment of an NHS Property Board to provide guidance on estate 
standards (Naylor, 2017). The Review also provided an analysis to suggest how £2.7bn of 
investment opportunity from the available estates could be released, to support the Five Year 
Forward View (NHS England, 2014) and the ‘Carter Report’ (Naylor, 2017). 
 
On the world stage the UK is considered to be amongst the best health service providers in a 
comparison of 11 countries (Davis et al., 2014; Schneider et al., 2017). Figure 1.1 and Figure 
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1.2 show the graphs produced by The Commonwealth Fund that rank health providers across 
11 countries for 2014 and 2017. In comparison with the UK, the healthcare model in the 
United States of America (USA) is considered to be more of a business and satisfaction with 
the care, with escalating costs, have resulted in poor satisfaction among users (Porter and 
Teisberg, 2004). Despite the strains and pressures exerted by the government and the public, 
the UK’s NHS remains the highest ranked of the countries examined. However, there are still 
areas in which it can improve in space utilisation, clinician utilisation, patient waiting, and 
user experience. It was against this background that the research project presented in this 
thesis was conducted, developing tools which can be used by healthcare designers to improve 
the designs for both new and existing healthcare facilities to improve efficiency and enhance 
the user experience. 
 
Figure 1.1 - 2014 Commonwealth fund analysis 
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Figure 1.2 - 2017 Commonwealth fund analysis 
 
1.2 RESEARCH CONTEXT 
The requirement for the research presented in this thesis originated in 2014 when 
BuroHappold Engineering Ltd. sought to enhance their healthcare service offering with state-
of-the-art technologies and practices. At the time, BuroHappold had been involved in a 
number of large-scale healthcare projects in the UK, and were keen to be industry leaders in 
technologies and practice for better healthcare design. 
 
BuroHappold was founded in 1976 by Sir Edmund Happold along with a number of 
colleagues from Arup. In the early days, the company was focused on the design of structures, 
however, over the years the company has grown to encompass several engineering 
specialisms including fire, security, ICT systems, people flow, water, transport, and building 
services. The company has hosted a number of research projects as part of their ongoing 
research and development commitments in ensuring they continue to pioneer the way forward 
within the engineering industry. The Smart Space team, a specialist division of BuroHappold, 
provide people flow consultancy in a range of sectors including healthcare, aviation, rail, 
education, and city and urban design. Since 2010, the team has hosted a number of research 
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engineers producing a wide range of specialist expertise within the team that is used to 
directly benefit BuroHappold and their clients. Alongside people flow consultancy, the team 
offers a range of computational analysis with their suite of in-house tools including 
SmartSpaceAnalyser (SSA), SmartProcessAnalyser (SPA), and SmartMove (SMove). 
 
The Research Engineer (RE) for this project has been hosted by the Smart Space team since 
the inception of the research project in 2014, operating within their Bath office as a member 
of the team developing software tools, analysis algorithms, and providing academic insight on 
projects. Basing the RE within the working environment of BuroHappold ensured the 
research outputs directly aligned with both the academic needs and the needs of 
BuroHappold. A detailed discussion on the benefits and constraints of this arrangement is 
offered in Section 3.5. 
1.3 RESEARCH JUSTIFICATION 
As detailed in Section 1.1, the ‘Nicholson Challenge’ issued in 2009 asked the NHS to find 
£20bn of efficiency savings. This put the NHS under pressure to find optimisations in their 
facilities and processes to find these savings. In 2013/2014, BuroHappold undertook a project 
for a local NHS Trust to optimise their outpatient departments when part of the outpatient 
service buildings were due to be demolished. This highlighted the challenges that the NHS, 
and health providers worldwide, faced in achieving the financial demands while balancing 
patient safety and care. The project by BuroHappold highlighted inefficiencies in space 
utilisation the design process and thus BuroHappold recognised an opportunity to expand 
their existing service offering in the health sector by undertaking research aimed at optimising 
healthcare designs and processes.  
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The findings of the literature review, discussed in detail in Chapter 2, highlight the gaps in 
existing academic and industrial knowledge and applications for achieving these 
optimisations. In summary, the gaps highlighted by the review of the literature were as 
follows: 
• A lack of evidence-based investigations for directly improving designs. Rather, studies 
focus on comparing designs and passing judgement on which are the most optimal. 
• A lack of data capturing technologies and tools to provide robust, accurate data in an 
efficient and effective manner. 
• User experience can be impeded significantly with insufficient or poorly placed 
signage. 
• That operational modelling tools are lacking which would aid healthcare managers to 
maintain their facility. 
Further research was thus needed to fill these gaps with new software tools, adapted 
algorithms, and new practice. These tools and algorithms could then be utilised by 
BuroHappold to enhance their service offering, and aid the optimisation of healthcare designs 
and processes in both the UK and abroad. The research carried out in this project explored in-
depth the gaps in application and knowledge with the aim of providing benefits to 
BuroHappold, their clients, and the knowledge base. 
1.4 RESEARCH SCOPE 
The initial scope of the research project was broadly related to enhancing the service offering 
of BuroHappold’s healthcare sector, working from within the Smart Space team. As such, the 
original scope included defining key characteristics of people behaviour and experiences, 
developing analytical models to represent complex interactions between healthcare users, 
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supporting the development of simulation tools to enhance the capabilities of SMove and 
SPA, and developing test models for use on real-world consultancy projects. 
 
When the research began in 2014, the Smart Space team were already providing consultancy 
services to a local NHS Trust that the RE was able to be involved with. This project 
highlighted the key areas where improvements could be made through new computational 
tools and algorithms and thus the scope of the research was narrowed accordingly. The RE’s 
research was focussed on the design of healthcare buildings and the tools to aid the analysis 
and examination of these designs. However, the testing and validation of models was 
expanded to include testing on case study projects when real-world projects were not 
available to the RE. 
 
The final scope of the research was to examine computational tools and algorithms to 
optimise the design of healthcare facilities and the processes within, for the ultimate aims of 
improving efficiency and enhancing the experience of users. The final scope did not include 
monitoring or measuring patient behaviour or interactions. Rather, it focussed on the 
simulation methods available for optimisation of the building design and the processes, and 
how the simulation models could inform the building design through engagement of 
stakeholders. 
1.5 AIM AND OBJECTIVES 
The overarching aim of the research was to establish a clear, effective method of optimising 
the designs and working processes of healthcare facilities, with the intended impact to 
improve the efficiency and enhance the experience for facility users. To achieve this aim, the 
research was split into five objectives: 
Optimising hospital designs and processes to improve efficiency and enhance the user 
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• Accurately capture data to understand how facilities in use are operating 
• Optimise the layout of a healthcare facility for staff efficiency 
• Optimise the layout of a healthcare facility for user experience 
• Optimise the operation of a hospital for patient throughput 
• Produce a way of measuring, monitoring, and predicting future hospital operation 
How these objectives fit within the research methodology is discussed in Chapter 4, with a 
critique of how they were met discussed in Section 5.5.1. Figure 1.3 shows how the objectives 
aligned with the work packages of the research, the key tasks that were required to complete 
them, and their academic and industrial outputs. 
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Figure 1.3 - The aims and objectives of the research 
 
1.6 RESEARCH NOVELTY 
The literature review presented in Chapter 2 highlights several gaps in existing knowledge 
and tools to aid healthcare facility design and optimise healthcare processes. The unique 
position of the RE within the sponsoring company allowed for an investigation of current 
design practices and bridging the gap between industry and academia. This allowed the RE to 
produce new software tools to fill the identified gaps and provide insight on related real-world 
projects. The link with the industrial sponsor allowed the tools produced to integrate with the 
working practices of the team in real-time, providing immediate benefits to relevant projects. 
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The novelty of the research is thus highlighted in the tools and insights summarised below 
and discussed in detail in Chapter 5. 
• A novel process to designing a Pharmacy department using evidence of the existing 
working practices to inform the new design. 
• A novel approach in understanding healthcare facility operations in a manner 
generalisable across multiple facilities. 
• A novel approach to optimising signage placement for better navigation within 
healthcare facilities. 
• Enhancing knowledge sharing and operational optimisation during the lifespan of a 
facility. 
1.7 LIST OF PUBLICATIONS 
Several peer-reviewed papers were published during the research period to disseminate the 
findings of the research to fellow researchers as well as industry as summarised in Table 1.1. 
 
Table 1.1 - List of published peer-reviewed papers 
Paper Title Publication Description 
(2016) 
Appendix 
1 
Using evidence-
based design to 
improve pharmacy 
department 
efficiency 
HERD: Health 
Environments 
Research and 
Design Journal 
This paper describes the case-study of 
a pharmacy department redesign and 
the novel approach to designing based 
on the adjacencies of functions. 
(2016) 
Appendix 
2 
Building better 
healthcare – 
technologies to 
facilitate evidence-
based design 
processes 
Salus Online 
Journal of 2016 
European 
Healthcare Design 
conference 
proceedings 
This paper outlines approaches to 
understanding how a healthcare 
facility is operating and presents 
novel data capturing technologies 
developed by the RE. 
(2017) 
Appendix 
3 
A tool for signage 
placement 
recommendation in 
hospitals based on 
wayfinding metrics 
Indoor and Built 
Environment 
Journal 
A novel approach to designing 
signage placement strategies in 
hospitals is presented in this paper, 
along with a tool for aiding engineers 
in producing these strategies. 
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Paper Title Publication Description 
(2017) 
Appendix 
4 
Maximising 
patient throughput 
using discrete-
event simulation 
Proceedings of the 
2017 SimulTech 
conference 
This paper presents an accessible 
method of managing facility 
operations based on a case-study of a 
recently constructed Cancer Centre. 
(2018) 
Appendix 
5 
Modeling and 
simulating hospital 
operations in a 3D 
environment 
Proceedings of the 
2017 Winter 
Simulation 
Conference 
This paper presents operational 
modelling tools to facilitate 
operational effectiveness producing 
accessible 3D simulation to facilities. 
1.8 RESEARCH TIMELINE 
The research was undertaken from April 2014 for conclusion in March 2018 in a four-year 
research programme. The Gantt timeline presented in Figure 1.4 provides an overview of how 
the research was completed during this timeframe. 
 
Figure 1.4 - Gantt timeline of the research undertaken 
 
1.9 THESIS STRUCTURE 
This thesis is comprised of five chapters and five appendices which detail the research 
undertaken during the period outlined in Section 1.8. An overview of each chapter is 
presented here. 
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Chapter 1 – introduces the research topic and provides a background to the research 
environments with context to the sponsoring company and outlining the aim and objectives 
for the research. 
Chapter 2 – provides a comprehensive review of the literature to understand the existing 
knowledge in the relevant topics and highlights the gaps in knowledge this research fills. 
Chapter 3 – provides a précis of research methodologies and associated data capture 
techniques and outlines the adopted methodology and techniques applied to this research. 
Chapter 4 – presents an overview of the research undertaken in this project and the core 
results from the research. 
Chapter 5 – presents the findings and conclusions of the research project, and outlines areas 
for further research before a final conclusion of the thesis. 
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2 LITERATURE REVIEW 
2.1 INTRODUCTION 
This chapter critically reviews literature on healthcare design, user experience, and efficiency. 
It begins by examining the theory base on how efficiency, design, and user experience within 
the health service are measured. This is followed by an analysis of the existing methods, tools, 
and studies for optimising healthcare designs and processes to improve the efficiency and 
enhance the user experience, with a clear identification of the opportunities for advancing the 
knowledge base. A summary of these opportunities is provided at the end of the chapter. 
2.2 HOSPITAL PERFORMANCE 
The performance of a healthcare facility is not a simple mechanism for determining the 
success or failure of that facility. Facility performance has many factors to consider, including 
efficiency, quality of care, equity of care access, patient satisfaction, and effectiveness of care 
(Bankauskaite and Dargent, 2007), all of which are intertwined. To improve one aspect may 
have a negative impact on another, and so a careful balance between the factors needs to be 
achieved. This section reviews the definitions of hospital performance by efficiency, design, 
and experience, and highlights how each impact on the performance of a facility. 
2.2.1 EFFICIENCY 
Of the factors influencing hospital performance, efficiency is an often researched topic. 
Efficiency is typically defined as achieving maximum productivity from resources with 
minimal waste. In business, this can be translated as achieving maximum profit from a 
product or service with minimum expenditure in labour, energy or resource. The health sector 
does not aim to make a profit where it follows the Beveridge or Bismarck models (Lameire, 
Joffe and Wiedemann, 1999). The NHS of Great Britain does not monetise good health for 
profit with a longstanding principle of being free at the point of delivery to the population 
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(Department of Health, 2013g). As such, efficiency within healthcare is typically defined 
differently from that of business. 
 
Three definitions of healthcare efficiency are given by Palmer and Torgerson (1999), 
technical efficiency; allocative efficiency; and productive efficiency. Technical efficiency 
most closely follows the business definition through achieving maximum health advantage 
from a given set of medical resources. Allocative efficiency is defined as maximising the 
health of society at large by achieving the right combination of healthcare programmes. 
Productive efficiency is defined as achieving maximum health benefits from an array of 
resources. Although Palmer and Torgerson provide these definitions, they do not provide 
examples on how to measure or implement them within healthcare strategies. 
 
Staff turnover has been researched to identify its effect on overall hospital efficiency, utilising 
the business theory that organisational turnover rates have a linear impact on organisational 
efficiency. It may be hypothesised that departments which operate with high levels of stress, 
such as Emergency Departments, may be negatively affected in terms of efficiency by high 
staff turnover. Early research conducted utilising quarterly turnover data for 1980 and staff 
personnel surveys conducted in 1981 found that high nurse turnover does not negatively 
impact efficiency despite increased training costs (Alexander, Bloom and Nuchols, 1994). 
However, high turnover rates were found to have an adverse effect on the perceived quality of 
care in a survey of 2480 nursing home administrators and residents (Castle, Engberg and 
Men, 2007) and secondary data analysis from 268 nursing units (Bae, Mark and Fried, 2010). 
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Methods of measuring the efficiency of a healthcare facility range from statistical models 
such as Data Envelopment Analysis (DEA) and Stochastic Frontier Regression (SFR), to 
more basic measures against patient recovery times (Bae, Mark and Fried, 2010) and facility 
performance against a given target (Siciliani, Moran and Borowitz, 2013). The use of DEA to 
measure hospital efficiency appears to have been prevalent prior to 1999, where 60% of 
healthcare efficiency studies made use of DEA (Hollingsworth, Dawson and Maniadakis, 
1999). However, by 2002 this had dropped to 50% (Hollingsworth, 2003), suggesting that the 
use of SFR, among other statistical methods, had increased between the two studies 
undertaken by Hollingsworth. A review of 172 studies in 2009 found 265 measures of 
efficiency were used between 1990 and 2008 (Hussey et al., 2009). From the 172 studies, the 
most common measure of efficiency used counts of physical resources as inputs (Hussey et 
al., 2009), suggesting that researchers favour the productive efficiency definition from Palmer 
and Torgerson (1999). 
 
Measuring how a hospital is performing compared to government targets or established 
indicators has also been used to measure a healthcare facility’s performance. The use of 
waiting time targets to manage waiting lists for operations have been used in both the UK and 
Finland (Siciliani, Moran and Borowitz, 2013). Within the UK, these timeframes are laid out 
for patients to examine in the handbook to the NHS constitution (Department of Health, 
2013f). Siciliani et al. (2013) reported that in some countries, such as New Zealand and Spain, 
waiting times for operations have been somewhat stable, while in the UK wait times have 
dropped over the last decade, putting the reduction at 25-40% in Scotland and more than 50% 
in England. 
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A further UK government directive for the NHS is that of the four-hour waiting target for 
Emergency Departments. The target states that, as of 2017, 95% of patients (NHS England, 
2013) should be treated, admitted or discharged within four hours (Department of Health, 
2000). The UK government also sets targets for Emergency Departments, including 
measuring the number of returning patients, on the basis that effective treatment and care 
preventing returning patients is a more efficient system. 
 
Measuring the efficiency or performance of individual departments is seen in several studies. 
This benefits researchers who can analyse the efficiency and performance of a department 
without worrying about the impact on the hospital as a whole. However, concentrating on one 
department can also cause concerns where complex interactions and dependencies may be 
missed. It is the complex nature of hospitals which results in a number of studies which focus 
on specific departments, such as operating theatres (Marcario, 2006; Dexter and Epstein, 
2009), emergency departments (Booth et al., 1992; Taylor and Benger, 2004), inpatient 
departments (Fornara, Bonaiuto and Bonnes, 2006), and pharmacies (Al-Araidah et al., 2010; 
Naseman et al., 2015). 
 
Research aimed at developing a framework of performance indicators for operating theatres 
produced eight qualitative measures of efficiency (Marcario, 2006). Although eight measures 
were produced, the study gave no reference to the sample size or response rate for the survey 
on which the qualitative indications were based. One indication states that start time tardiness 
of operations should not exceed 45 minutes in an 8 hour day in well-functioning theatres 
(Marcario, 2006). This is supported by a later study of operating theatre efficiency that found 
that staffing increased by 1.1 minutes for every minute late a surgery started (Dexter and 
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Epstein, 2009). Pharmacy departments are service systems within a healthcare facility with 
complex processes to examine and analyse (Reynolds et al., 2011). As such, studies which 
investigate the efficiency of pharmacy departments focus on the productivity of staff, 
however, these often use broad metrics which are poorly, if at all, specified (Gupta et al., 
2007; Naseman et al., 2015). 
2.2.2 DESIGN 
Efficiency, care quality, staff productivity, patient recovery, and patient satisfaction can be 
influenced by a healthcare facility’s design. Healthcare facilities are given guidelines to 
achieve effective, hygienic and workable facilities. For example, standards of constructions 
for healthcare facilities within New York are subject to particular regulations (New York 
State Register, 2010) regarding, among others, construction on floodplains, and number of 
beds per nursing unit. 
 
For the NHS, the Department of Health (UK) sets out guidance in the form of Health Building 
Notes (HBNs) and Health Technical Memoranda (HTMs). These are used by architects, 
designers and healthcare planners to inform both new facility design and existing facility 
modifications. The HBNs cover a large range of healthcare building design, spanning general 
design guidance (Department of Health, 2014) to department specific guidance such as mental 
health units, (Department of Health, 2013b), critical care units (Department of Health, 2013c), 
and emergency departments (Department of Health, 2013d). HTMs drill down into the 
technical workings of a healthcare facility, such as ventilation (Department of Health, 2007a, 
2007b), the safe and controlled management of waste (Department of Health, 2013a), and the 
control of acoustics during construction work (Department of Health, 2013e). HBNs and 
HTMs occasionally differ from World Health Organisation (WHO) guidance. For example, 
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noise levels in treatment rooms are recommended to not exceed 35db LAeq by WHO 
guidance (Berglund, Lindvall and Schwela, 1999), but HTM 08-01 recommends treatment 
room noise levels should not exceed 40db LAeq (Department of Health, 2013e). 
 
Many studies have investigated how the design of a facility impacts on the activities of staff 
(Trites et al., 1970; Burgio et al., 1990; Shepley, 2002; Shepley and Davies, 2003; Hendrich 
et al., 2008; Furåker, 2009; Westbrook et al., 2011; Greenwood, Sharma and Johansson, 
2015). Trites et al. (1970) compared three designs for nursing units with the aim of 
identifying how the designs impacted on working activities. The three unit designs examined 
were radial unit, single corridor, and double corridor, comparing four of each over an 82 day 
period. The results were calculated from analysis of the feelings of nursing personnel working 
on each unit, recorded using pre and post shift questionnaires. Although no clear pattern 
emerged during the analysis, the study found that nurses and physicians preferred radial unit 
designs, believing it increased direct patient care. This finding was supported by the time and 
distance spent walking by nurses in the radial design being significantly lower than in the 
other designs. This was further supported by studies that found that nurses operating in a 
radial unit design travelled less distance than those in a rectangular unit (Shepley and Davies, 
2003) with evidence suggesting that radial design can remove up to 53% of walking distance 
for staff compared with a square design (Nazarian, 2014). 
 
A similar study by Shepley (2002) hypothesised that an open plan Neonatal Intensive Care 
Unit (NICU) would result in smaller walking distances than the existing design. Shepley 
applied behavioural mapping to nursing data from 1993 examining the existing design, and 
again in 1996/7, a year after the rebuild of the NICU building. The new building was 60% 
 Literature Review 
 
 19 
larger in floor space than the original, but nurses were not found to be spending any more 
time walking than they did in 1993, though walking distances increased. This suggests the 
open plan design of the NICU allowed nurses to be more efficient, however, there is the 
possibility that advancements in neonatal care between 1993 and 1996 may have impacted on 
how nurses conducted their roles. 
 
In addition to identifying ways in which the design of a healthcare facility may impact upon 
productivity and efficiency, there have been studies which highlight the benefits of good 
design on staff wellbeing (Guenther and Hall, 2007; Sadler, DuBose and Zimring, 2008; 
Naccarella et al., 2016; Sheahan, Reading and Naccarella, 2016). The studies suggest staff 
benefit from a relaxation area away from the public eye but still close to the wards (Sheahan, 
Reading and Naccarella, 2016). Staff wellbeing and efficiency, may also be enhanced if they 
are involved during the process of healthcare facility design. Including staff in design 
consultations before spatial constraints are set benefits the overall design, with the use of 
mock-up spaces allowing nurses and other stakeholders to provide feedback (Hicks et al., 
2015; Naccarella et al., 2016). 
 
Similarly, studies have looked into how the design and placement of a hospital can impact on 
patient recovery, stress, and staff wellbeing. For example, arguments have been made against 
the use of abstract art in areas where patients may suffer delirium (Kiekkas et al., 2010; 
Thompson et al., 2012). Recommendations have been made that walls painted blue or green 
may lower patient stress levels (Thompson et al., 2012), as well as aid in ‘zoning’ sections of 
a building to assist in wayfinding (Dalke et al., 2006). Natural views were also suggested to 
lower stress levels in blood donors compared with those who had urban views (Ulrich, 
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Simons and Miles, 2003), though the study used television monitors rather than actual natural 
views so the effects of true nature are not known from this study. The use of natural views are 
also found to be beneficial for staff, increasing productivity and wellbeing as well as overall 
health (Ulrich et al., 2004; Sheahan, Reading and Naccarella, 2016). 
 
The design of a healthcare facility can impact on a user’s ability to navigate the building using 
natural wayfinding techniques. Wayfinding is described as the act of navigating around spaces 
using visual cues provided by the environment (Farr et al., 2012). A variety of buildings, 
including shopping centres, airports, and hospitals are difficult to naturally navigate with a 
lack of environmental information (Dogu and Erkip, 2000). Environmental clues in healthcare 
facilities can be difficult to find and, as such, finding destinations within these facilities can be 
difficult. Corridors commonly look alike with little to differentiate between them (Wright, 
Hull and Lickorish, 1993). There are ways in which this can be combatted however, with the 
use of ‘zoning’ areas of a building to provide environmental clues (Dalke et al., 2006). 
Colours and lighting can also be used to make an area of a building appear attractive to a user, 
or to restrict areas of the building. This can aid the user in navigation and can aid designers in 
sending users down certain paths (Cooper, Mohide and Gilbert, 1989; Devlin and Arneill, 
2003). The literature suggests that using bright colours works best to attract users, while paler 
colours are best used to deter users. 
2.2.3 EXPERIENCE 
Despite the NHS having no paying customers, the satisfaction, perceptions and experience of 
users are of importance to the UK government and the NHS. The quality of care and 
experiences of users are hotly debated topics during general elections in the UK. Some 
measures of healthcare efficiency, such as a reduction in surgery waiting or referral times, are 
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born from policies aimed at keeping users satisfied with the NHS. There have been many 
studies which research areas that impact on the experience of users, ranging from waiting 
times (Booth et al., 1992; Rhee and Bird, 1996; Thompson et al., 1996), staff turnover and 
relations (Rhee and Bird, 1996; Sun et al., 2000; Chang et al., 2006; Castle, Engberg and 
Men, 2007; Olson and Windish, 2010), to facility environment and design (Arneill and 
Devlin, 2002; Fornara, Bonaiuto and Bonnes, 2006). 
 
The experience and memories a patient takes away are strongly impacted by the satisfaction 
the patient has with their care. Though a study suggests there is no link between patient 
satisfaction and recovery times (Martin et al., 2005), there is sparse literature on studies that 
link recovery times with satisfaction. This may be due to the highly qualitative nature of 
satisfaction with many variables on the patient demographic making it difficult to link 
recovery time to a satisfaction score. However, the satisfaction of a patient can determine a 
willingness to return to that hospital. In the United States of America (USA) the satisfaction 
of patients is important where hospitals are competing for ‘custom’. Patients who are 
dissatisfied in a USA hospital are more likely to give poor reviews, which may cause a 
hospital to suffer financially. This is even the case with emergency treatment, with a study 
looking at a patient’s willingness to return following emergency care finding that good 
relations between the patient and staff were a critical component to a patient’s decision to use 
that hospital again (Sun et al., 2000). 
 
The satisfaction of healthcare users can be split into departmental categories in a similar 
manner to measuring facility efficiency. A study into patient satisfaction for an outpatient day 
surgery department in an Australian hospital found that waiting times heavily influenced 
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satisfaction, and recommended a proactive management system be introduced to assist in 
reducing wait times (Williams, Ching and Loader, 2003). The scale used for answers on the 
survey by Williams et al. (2003) was noted as having the potential for patients to equate 
‘good’ with ‘satisfactory’ and possibly skew the results. A similar study found that the target 
waiting time from a patient’s perspective was 30 minutes (Booth et al., 1992). 
 
Patients and visitors may be unable to define or express their true satisfaction at a health 
service depending on external factors. Questionnaires and surveys that collect qualitative 
satisfaction data may contain unintended bias that is unrelated to the actual experiences of the 
healthcare facility. Therefore, it is prudent to be cautious of satisfaction surveys endorsing the 
status quo of healthcare as opposed to ensuring providers are held accountable and improve 
for the users as originally intended (Williams, 1994). It is similarly important not to let 
satisfaction ratings become indicators for the quality of care (Chang et al., 2006; Shirley and 
Sanders, 2013), particularly given that satisfaction as a concept encompasses many variants of 
the overall experience (Shirley and Sanders, 2013). 
 
One of the key issues in measuring the satisfaction of users is the qualitative nature of data 
based on a person’s thought processes and feelings and may be influenced by a range of 
factors, including factors external to the healthcare service provided. The patient’s ethnicity, 
age, education level, social status, income and sex can all have an effect on overall 
satisfaction and perceived quality of care (Hall and Dornan, 1990). Hall and Dornan (1990) 
found that younger patients were more likely to be dissatisfied with their care than elderly 
patients. Similarly, white males were more likely to be dissatisfied than black or Hispanic 
males. These differences highlighted by demographics supported a previous study by Hall and 
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Dornan (1988) that found males in general would be more dissatisfied than females with their 
care. However, Hall and Dornan (1988) found that of 221 studies reviewed, only 42% 
provided data on the largest responding ethnic group. This suggests that studies from this time 
period may be missing large ethnicity related data. 
 
The ‘Friends and Family Test’ (FFT) has been in use in the UK since 2013 (Coulter et al., 
2014) and continues to be used by the Department of Health as a measure of patient 
satisfaction (Department of Health, 2016). The FFT is one of many survey types used to 
measure patient satisfaction, however, it is argued that there is an abundance of satisfaction 
data that is not being used appropriately to deliver better healthcare services (Coulter et al., 
2014). It has been argued that the feedback received from patients, either through satisfaction 
surveys or through complaint feedback systems, should be incorporated along with further 
consultations with patients to co-design facilities, rather than allow facilities to be designed 
without this input from the users (Bate and Robert, 2006; Hicks et al., 2015; Naccarella et al., 
2016). 
 
A common discourse from the UK government is reducing waiting times for all aspects of 
treatment, from emergency care to referral times for treatment or further tests (NHS England, 
2013; Department of Health, 2016). Although evidence suggests waiting times do contribute 
to patient satisfaction (Williams, Ching and Loader, 2003), there is a contrast to how the 
media reports that high waiting times are contributing to poor patient satisfaction. Rather, 
literature suggests that patients care more about the perceived waiting times and quality of 
care over the actual wait time. A 1996 study found that the perceived technical quality of care 
contributed greater to the satisfaction of a patient than the time they spent waiting (Rhee and 
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Bird, 1996). This is supported by the findings from studies by Sun et al. (2000) and 
Thompson et al. (1996) that actual waiting times do not significantly predict the overall 
satisfaction of a patient. As Rhee and Bird (1996) did not include the actual waiting times for 
the patients participating in their study, a direct measure between the perceived waiting time 
and actual waiting time cannot be drawn from their data. 
 
Satisfaction of patients was increased significantly when the perceived waiting time was 
found to be lower than the expected waiting time (Thompson et al., 1996). Though the study 
by Thompson et al. included a smaller number of participants from that of Sun et al. (2000) 
(1631 patients compared with 2333), the work of Thompson et al. (1996) further revealed the 
impact of a relationship between staff and patients. A good flow of information improved 
patient satisfaction, alongside perceived waiting times and other procedures (Thompson et al., 
1996). This idea was studied in a review of literature in 2003 which identified three areas that 
warranted further research to better inform patient satisfaction, including the provision of 
more information to patients; the interpersonal skills of staff; and the reduction of perceived 
waiting times (Taylor and Benger, 2004). 
 
Taylor & Benger (2004) reviewed the literature over a twelve year period (1991-2003) to 
identify the published evidence of patient satisfaction in Emergency Departments. Attempts to 
quantify the relationship between patient satisfaction and waiting times found a link between 
the time a patient spent waiting to see a doctor, and the time they then spent with the doctor. It 
is argued that, for every ten minute increase in wait time, satisfaction with the healthcare 
provider dropped 0.3 points if the patient was subsequently seen for less than five minutes, or 
dropped 0.1 points if the patient was subsequently seen for more than five minutes (Camacho 
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et al., 2006). The study also revealed that increased waiting time resulted in a reduced 
willingness to reuse that provider, dropping at a rate of 2% for every extra minute spent 
waiting (Camacho et al., 2006). Although this research offers a quantitative basis for the 
impact waiting times have on patient satisfaction, it does not address other issues that may 
also have an adverse effect on the experience, such as what activities were available to 
distract patients, or the crowding levels in the waiting area (Bernstein et al., 2009). 
 
The environment in which the healthcare is provided also impacts on the satisfaction of users, 
with the environment having the potential to affect how a patient may perceive their overall 
care quality. This hypothesis was studied by Fornara, Bonaiuto and Bonnes (2006) with the 
theory that humanised designs would be perceived as giving a quality of care greater than 
designs that were not humanised. Facility users and experts (architects) gave their perceptions 
of care quality for inpatient and outpatient care at three hospitals in Rome. Each hospital was 
chosen by the authors of the study as ranging between ‘low’, ‘medium’ and ‘high’ humanised 
design. The results of the study showed that patients perceived that care quality was greater in 
the units with a ‘high’ humanised design, whereas the experts did not perceive the same level 
of care was available. This suggests that designs that are humanised may improve the overall 
experience for users (Fornara, Bonaiuto and Bonnes, 2006). However, as only two experts 
were surveyed in the study compared to approximately 200 users, there may not have been a 
suitable representation of experts in the study. 
2.3 UNDERSTANDING THE FACILITY 
To design a healthcare facility in an optimal manner, it is vital to understand how the facility 
will be used when operational. Without this understanding, the end design may lead to 
inefficient processes, a poor user experience, or a poor workplace culture which negatively 
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impacts the operations of the facility. This section reviews the techniques used to help 
understand a facility and the experiences of users, and the methods previously applied to 
predict hospital usage. 
2.3.1 CAPTURING DATA 
Data is a valuable resource in any area of work and fresh data is constantly being pursued, 
with the goal of obtaining accurate, reliable, and up-to-date data (Lethbridge, Sim and Singer, 
2005). Collecting data can be done in a variety of ways depending on the study being 
conducted, such as through observations (Maiden and Rugg, 1996), questionnaires, surveys, 
interviews and system evaluation (Tiwari, Rathore and Gupta, 2012). 
 
The methods used for data collection are dependent on the type of data the study wishes to 
acquire. Data collection is not restricted to one method and may be combined with other 
methods for a comprehensive study. Some frameworks have been devised that combine 
methods for data collection, such as the SCRAM method (Sutcliffe and Ryan, 1998), or the 
ACRE framework for software engineering (Maiden and Rugg, 1996). However, the choice of 
methods should be selected according to their suitability for the study, with the aim to collect 
relevant data (Lethbridge, Sim and Singer, 2005). Table 2.1 details a selection of methods and 
their associated benefits and risks, while Table 2.2 offers a critique of the data collection 
methods utilised in previous healthcare studies examined in this review. 
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Table 2.1 – Review of data collection methods 
Method Description Benefits Risks 
Questionnaire Predetermined 
questions asked 
of a large group. 
May be 
conducted by 
post, phone, or 
website. 
• Standardised response 
format is easy to analyse 
• Easy to circulate to 
obtain a high number of 
responses 
• Easily repeatable with 
the same set of questions 
• Response rate may be 
low 
• Difficult to perform 
follow up questions 
• The person responding 
may not be the person 
researchers wish to 
respond 
Interview One-to-one 
discussion with 
key individuals 
answering 
questions in an 
open or closed 
format. 
• Easy to perform follow 
up questions or 
laddering to drill down 
into answers and access 
non-tacit knowledge 
• Questioning can be 
tailored 
• High response rate 
• Can be expensive to 
perform 
• Interviewer’s presence 
may bias the responses 
• Smaller sample size 
Focus group Structured 
interviews with 
groups 
answering 
questions and 
exploring the 
topic of 
discussion in an 
open format. 
• Opportunity to explore 
themes from many 
participants 
simultaneously 
• Questions can be 
tailored 
• Easy to setup 
• Smaller sample size due 
to the time required to 
conduct each focus 
group 
• Lack of anonymity for 
participants 
• Responses may be 
unbalanced if some 
participants dominate 
the discussion 
Experiments Conducting a 
test to gain an 
understanding 
of what 
reactions might 
occur. Typically 
used to collect 
data to answer a 
hypothesis. 
• Large degree of control 
over the elements 
involved 
• Easily repeatable with 
the same set of variables 
• Can be simulated 
without impeding 
existing conditions 
• Can be costly to set up 
• Can take time to reset 
the experiment 
• Artificial setting may 
not be fully 
representative of real-
world situations 
Activity 
observation 
Watching 
people undergo 
tasks and 
observing how 
they are 
performed with 
any interactions 
with other 
equipment or 
people. 
• Accounts of what 
happens are accurate, 
reliable, and unbiased 
• Provides real-world data 
of the situation rather 
than idealised accounts 
• Technology allows for 
continuous observation 
without observer input 
• May require a skilled 
observer to ensure parts 
of the process are not 
missed 
• Hawthorne effect – 
people may act 
differently when 
observed 
• Only the data occurring 
during the observation 
period is captured 
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Method Description Benefits Risks 
Activity 
sampling 
Watching 
people undergo 
tasks in a 
similar manner 
to activity 
observation, but 
using statistical 
models to 
calculate how 
many samples 
are needed to 
capture the 
majority of the 
activity. 
• Multiple activities can 
be observed 
simultaneously 
• Observations do not 
need to be continuous to 
acquire the data for a 
given confidence level 
• People are not under 
constant observation and 
may be more likely to 
act normally 
• The number of samples 
acquired may be 
insufficient 
• Time data is not 
recorded with the 
samples, so time 
utilisation data is 
unavailable 
• Activities with a short 
duration or spread over 
a large area are difficult 
to study 
Data acquired using survey or interview methods, no matter how extensive or large the 
sample is, may inadvertently result in oversimplified answers (Maiden and Rugg, 1996; 
Paetsch, Eberlein and Maurer, 2003). Participants may give answers they think researchers 
want (social acceptability bias), or, where the knowledge is automatic or second-nature to the 
interviewee, may not answer in enough detail. Participants may also give inaccurate answers 
deliberately, particularly if the accurate responses were to reflect poorly upon them. 
 
There are ethical concerns attached to performing observations, primarily with watching 
people go about their work. In healthcare, these concerns are heightened and extend to the 
privacy and confidentiality of patient care which can impact on the level of observations able 
to be carried out. However, one of the most challenging aspects of undertaking observations is 
getting those being watched to agree to be observed (Weinger et al., 2004). 
 
The collection of data generally in healthcare is a sensitive subject with a number of ethical 
considerations which researchers need to acknowledge. The privacy and protection of patient 
data is a key concern and can restrict the type of methods researchers use. For example, the 
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use of observations may not be appropriate in areas where patient care is discussed. Many 
studies that include patients collect data through the use of questionnaires or surveys where 
responses may be anonymised and collected in large samples. 
 
Radio-frequency identification (RFID) tracking removes the potential for human error and an 
element of human bias risk in data collection, and can be used to monitor a variety of 
elements within healthcare operations, including the patients (Hosaka, 2004), the staff 
(Hendrich et al., 2008; Greenwood, Sharma and Johansson, 2015), and the equipment (Wicks, 
Visich and Li, 2006). The use of RFID tracking can be expensive in terms of the technology 
and equipment necessary (Hosaka, 2004; Wicks, Visich and Li, 2006), however, this may be 
offset by negating the need for trained experts capturing the data. 
 
Activity sampling is a method of collecting data through observations without the cost of 
continuous observation. Developed in approximately 1927 (Kelly, 1964), activity sampling 
provides a statistical method of allowing researchers to obtain a subset of observations and 
infer from them the total activity usage. While continuous observation can be a costly method, 
using activity sampling can alleviate some of those costs provided researchers obtain a high 
number of samples (Robinson, 2010). Researchers need to be wary of the risk of using an 
incorrect sample size for their study. To counter this, a pilot study is typically conducted first, 
from which researchers can calculate the number of samples that are then required to achieve 
a statistically significant result (Kelly, 1964; Robinson, 2010). 
 
In recent years, technological advancements have facilitated development of electronic 
sampling methods, allowing for more complex activities to be sampled (Robinson, 2010), for 
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example, those undertaken by mental health workers (Stevenson et al., 1999; Harpole et al., 
2003). The use of activity sampling has been argued to be a more cost effective method of 
conducting work studies (Stevenson et al., 1999), with the use of electronic recording 
methods further reducing the costs. However, as with any data collection method which 
involves participants providing data, it is important to be wary of potential bias. 
 
However, the use of any form of observation, whether continuous, through activity sampling, 
or manually or technologically collected, carries the risk of study participants changing their 
behaviour as a result of being observed. A number of studies support the notion of the 
Hawthorne effect, where being observed can alter how participants act when compared with a 
control group (Bateson, Nettle and Roberts, 2006; Burnham and Hare, 2007; Ernest-Jones, 
Nettle and Bateson, 2011). Thus researchers need to take care to ensure their presence, or 
presence of equipment, does not significantly alter the results of the study. 
 
The use of activity trackers and work diaries allow researchers to procure data related to staff 
activities and have primarily been used in nursing utilisation studies within healthcare 
research. However, both methods have their limitations and may not provide totally accurate 
data despite researchers’ best efforts. Nurses may not wish to reveal everything they did 
during a day, or may not be able to recall all of the actions they performed so data may be 
missing for key activities. Using activity trackers that require staff to input their current 
activity at set times may remedy this issue, however, if staff are preoccupied at the time the 
data is requested it may be missed, or again, they may not be completely honest about the 
activity they are undertaking. Many of methods listed can be combined to provide a 
comprehensive data sample with which to study. An example of this is seen in the study by 
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Hendrich et al. (2008) which utilised activity sampling with RFID tracking to identify the 
activity occurring with certain movements. 
 
Table 2.2 - Review of data collection methods in healthcare studies 
Measured Study Data collection 
method(s) 
Sample size 
Staff activities 
Furåker (2009) Work diaries 30 nurses across 10 wards 
Hendrich et al. 
(2008) 
Observation 
RFID tracking 
763 nurses across 36 
hospitals 
Westbrook et al. 
(2011) 
Observation 57 nurses across 2 wards 
Burgio et al. 
(1990) 
Observation while 
conducting a separate 
study 
96 nursing home staff 
over 37 months 
Greenwood, 
Sharma and 
Johansson (2015) 
Wi-Fi tracking 10 day-shift nurses in a 
NICU over 28 days 
Shepley (2002) Observations and 
pedometers 
21 clinical staff. 
Continuous observations 
were made over 3 hour 
periods 
Mackenzie and 
Xiao (2003) 
Observations via 
video analysis 
2-6 trauma resuscitation 
bays 
Weinger et al. 
(2004) 
Observations via 
video analysis 
270 clinic cases over 872 
hours 
Patient satisfaction 
Booth et al. (1992) Postal questionnaire 758 emergency 
department walk-in 
patients over 7 days 
Sun et al. (2000) Questionnaire on 
leaving and follow-up 
telephone survey 
2899 questionnaires and 
2333 telephone 
participants over 1 month 
Thompson et al. 
(1996) 
Telephone 
questionnaire 
1631 respondents over 12 
months 
Camacho et al. 
(2006) 
Patient questionnaire 2444 of patients waiting 
less than 75 minutes from 
18 clinics 
Chang et al. 
(2006) 
Telephone 
questionnaire 
236 patients aged over 65 
from 2 care homes 
Anderson, Barbara 
and Feldman 
(2007) 
Online questionnaire 2917 respondents from 
5030 completed surveys 
Olson and 
Windish (2010) 
Interviews 89 patients and 43 
physicians 
Williams, Ching 
and Loader (2003) 
Patient questionnaire 107 patients (41% 
response rate) 
Optimising hospital designs and processes to improve efficiency and enhance the user 
experience 
32 
Measured Study Data collection 
method(s) 
Sample size 
Patient 
tracking/activity 
monitoring 
Hosaka (2004) RFID tracking Unspecified 
Hauptmann et al. 
(2004) 
Observations via 
automated video 
analysis 
Unspecified – tracking 
patients in a nursing home 
Role of experience DeAnda and Gaba 
(1991) 
Think aloud and 
video analysis 
8 experienced 
anaesthesiologists and 19 
trainees 
Predesign 
investigation 
Drui, Behm and 
Martin (1973) 
Interviews and video 
analysis 
Unspecified 
2.3.2 VIDEO ANALYSIS 
Careful observation of working processes can provide reliable data compared with other data 
collection methods. However, the data only exists in the brief segment of time where it is 
observed and is only captured if observed by the observer (Mackenzie and Xiao, 2003). This 
can be countered with the use of video recording and analysis, which provides a continuous 
and, where necessary, permanent record of the event(s) being observed (Mackenzie and Xiao, 
1999, 2003). The use of video analysis can allow for a greater volume of data to be captured, 
with the ability to pause, rewind, and re-watch repeatedly until all the data available is 
collected. Video analysis can allow for micro-interactions to become measurable by the 
researcher, where they may have previously been missed during real-time observations (Luff, 
Hindmarsh and Heath, 2000; Iedema et al., 2006). Video recordings may also be combined 
with other data collection techniques to enhance the data collection process. For example, it 
can be combined with audio recording, allowing for analysis of the interactions beyond 
simply the visual interactions. This can be used to record think-aloud sessions, as well as 
interviews and observations for later analysis. 
 
Drui, Behm and Martin (1973) utilised video recording and analysis in a predesign 
investigation, with the researchers recording interviews with participants. This method allows 
researchers the freedom of not analysing the interview while it is conducted, providing a more 
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relaxed environment with participants. DeAnda and Gaba (1991) used video analysis to 
capture simulations of patients when investigating how experience impacted the response to 
critical incidents. This enabled the simulation to be undertaken in real-time, providing a 
realistic scenario to be observed, while simultaneously capturing the maximum amount of 
data provided. This technique was also used by Weinger et al. (2004), utilising video analysis 
of clinical care with the aim to improve patient safety. By using video recordings, as with the 
patient simulation, the clinical staff were free to carry out their tasks unhindered by the 
researchers. 
 
Some of the ethical concerns surrounding observation of hospital workings can be countered 
by replacing direct observations with the use of video analysis. The use of video recordings 
removes the need for an observer to be present during the task(s) and may be easier to 
accommodate in locations where space is at a premium, or where infection control is a 
priority. For example, there may be areas of a hospital such as emergency care or operating 
theatres where accommodating an additional non-medical person may not be appropriate. For 
these situations, a video recorder can be placed in a discreet location for analysis at a later 
stage. Similarly, the use of video recording may mitigate the Hawthorn effect by removing the 
physical presence of an observer. 
 
However, while the use of video analysis can solve some problems associated with other data 
collection techniques, and is easily combined with other methods, it is not entirely without its 
drawbacks. As the video recording device is acting as an observer, consideration needs to be 
given to the setup and placement of devices to ensure they do not violate patient 
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confidentiality and do not capture private information or care, where such data is not part of 
the study. 
 
As video files can be stored for long periods of time, consent needs to be obtained from those 
being recorded. It has been argued that this consent can be difficult to obtain and hinder a 
study more in terms of time than conducting the actual analysis (Weinger et al., 2004). 
However, the biggest drawback from video analysis tends to be the time it takes to analyse the 
video footage. For each of the studies highlighted by this review that used video recording, 
manual analysis of the video footage was performed after the data collection was complete. 
The study by Hauptmann et al. (2004), investigating resident movements in a nursing home, 
reported that analysing a small data set took several months following collection of the video 
footage. Hauptmann et al. therefore decided to automate the analysis process, allowing for 
computers to perform trend capturing when observing the residents. However, the end result 
of this was not generalisable to other data types or movements outside of the research focus of 
this particular study setting. 
 
The review of the literature identifies a gap within the area of data collection in a healthcare 
setting. Though some automated data collection tools exist, these are specifically created for 
the project (e.g. Hauptmann et al. (2004)), and are therefore unable to be deployed to similar 
projects. A tool that can automatically record the activities occurring within a given facility 
would provide an opportunity for richer data sets to be obtained in a cost-effective manner. 
2.3.3 MODELLING AND ANALYSIS 
Modelling a healthcare facility in a simulated environment allows researchers, decision 
makers, and healthcare practitioners to investigate changes without negatively impacting 
 Literature Review 
 
 35 
patient care. There are different types of simulation used in analysing and optimising 
healthcare design, including Discrete-Event Simulation (DES) (Jun, Jacobson and Swisher, 
1999; Anderson and Merode, 2007; Gunal and Pidd, 2010), and Agent-Based Simulation 
(ABS) (Cabrera et al., 2012). The purpose of these simulations is typically defined by the 
study that utilises them, with each bringing benefits to the healthcare design process. The use 
of DES in healthcare is widely documented and has been utilised to measure policy impact 
(Fletcher et al., 2007); estimate capacity levels and measure waiting times (Werker et al., 
2009); make strategy decisions for departments (Ballard and Kuhl, 2006; Denton et al., 2006; 
VanBerkel and Blake, 2007; Leskovar et al., 2011); simulate patient scheduling (Harper and 
Gamlin, 2003; Werker et al., 2009; Lee et al., 2013; Quevedo and Chapilliquén, 2015); and 
analyse patient flows (Brenner et al., 2010; Zeng et al., 2012). 
 
Among the simulation technologies used to demonstrate the function of a healthcare facility 
are SIMUL8 (Harper and Gamlin, 2003; Brenner et al., 2010; Zeng et al., 2012); Arena 
(Ballard and Kuhl, 2006; VanBerkel and Blake, 2007; Werker et al., 2009; Al-Araidah, Boran 
and Wahsheh, 2012; Quevedo and Chapilliquén, 2015); and ABS (Cabrera et al., 2012). 
SIMUL8 and Arena provide DES capabilities for a number of sectors, with their use in 
healthcare primarily focussed on drug dispensing and patient flows, with Arena additionally 
providing 3D capabilities to visualise results easily. Similarly, dashboards have been used in a 
wide range of sectors to aid understanding and assist application of data, being deployed as a 
tool to summarise key performance information in a visually appealing manner (Dowding et 
al., 2015). Dashboards in healthcare have been previously built for performance management 
(Mesabbah and Arisha, 2016); analysis of bed occupancy (Daley et al., 2013); and prevention 
of readmissions (Stadler et al., 2016). 
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The use of simulation modelling is shown to aid understanding and use of healthcare 
facilities, including for an Emergency Department (Gunal and Pidd, 2006); pharmacy 
operations (Mukherjee, 1991; Reynolds et al., 2011); outpatient departments (Harper and 
Gamlin, 2003); and surgical operations (Ballard and Kuhl, 2006; Denton et al., 2006). The 
ability to virtually model and analyse different scenarios provides designers with evidence 
with which to engage stakeholders and ensure the facility will meet requirements. Simulation 
tools are thus commonly found in dashboards built to provide decision-makers and 
stakeholders with key information in a timely fashion. DES is seen in a range of dashboards 
created for healthcare systems, with dashboards providing the results in a manner which is 
easy to digest and act on. It has been argued that the presentation of important information 
should be done in such a way that users can understand the outputs easily (Petersen, 2002) 
and that they will ideally transcend language barriers. It was suggested by Petersen (2002) 
that common colour formats can be used to aid this understanding, such as using a traffic light 
system (green/yellow/red) for good to bad, or a temperature system (red/yellow/green/blue) 
for hot to cold. 
 
Several modelling and analysis tools and dashboards are built for a fixed purpose with a core 
set of metrics being analysed. This is governed by the stakeholder’s concerns, and there is a 
fine balance between the variety of metrics by which healthcare facilities and providers are 
measured. Finding the balance between space utilisation, waiting times, patient satisfaction, 
and clinician utilisation is a challenge that many have used virtual modelling and analysis to 
try to address. With the exception of Lee et al. (2013), there has been little work in tools 
which provide the ability to measure and compare across a number of metrics. Lee et al. 
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(2013) evaluated four metrics in their study, including waiting times; use of appointment 
slots; unmet demand; and clinic overtime. However, the study did not include metrics such as 
clinician or space utilisation. The simulation modelling by Harper and Gamlin (2003) 
measured the utilisation of resources as a performance measure, but not utilisation of 
clinicians. There is thus a lack of modelling and analysis tools which can provide a 
comprehensive analysis across a range of metrics in a format which is presentable to a number 
of stakeholders. 
2.4 USING THE FACILITY 
Once a facility has been constructed, it can be perceived as a network of complicated 
corridors that offer users little aid in navigating departments. Similarly, once constructed, the 
ability of the facility to react to process changes become restricted to the format of the 
building, but adaptations to operational management can be utilised to keep a facility running 
optimally. This section reviews how navigation can be impacted by the design of a facility 
and how designers can aid wayfinding between departments, as well as existing methods of 
managing a facility operationally after construction. 
2.4.1 WAYFINDING AND NAVIGATION 
The ability to navigate spaces is a process developed in childhood (Piaget and Inhelder, 1967) 
from which people progress to route management of, for example, walking in urban 
environments, driving through the country, or finding their way around a building (Gluck, 
1991). There have been a number of studies which have examined and experimented how 
people choose to navigate which found that people typically choose the route with the least 
‘cost’ (Montello, 1991; Butler et al., 1993; Peponis, Bafna and Zhang, 2008; Cutts et al., 
2009; Lwin and Murayama, 2011; Fu, Bravo and Roskos, 2015). For example, this could be 
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the route with the least angular deviation from the current path (i.e. the straightest path), or the 
path with the shortest travel distance. 
 
Problems navigating healthcare facilities are commonly top complaints in patient surveys 
(Cooper, 2010) as quick and easy navigation of healthcare facilities is not always possible. 
Poor wayfinding can also impact negatively on other aspects of patient satisfaction, including 
discomfort, stress levels, a decrease in safety, and delays through lateness (Dogu and Erkip, 
2000). Some of the issues surrounding patient navigation in hospitals may stem from poor 
signage which may use symbols or technical medical language which may not be fully 
understood by visitors without medical backgrounds (Hashim, Alkaabi and Bharwani, 2014; 
Lee et al., 2014). 
 
Buildings that appear to provide a degree of familiarity to users can assist their ability to 
navigate by assisting orientation and allowing users to draw on previous knowledge of the 
space. The signage study by Cooper (2010) noted that introducing local area street names for 
corridors and giving departments “addresses” aided navigation by introducing a degree of 
familiarity, which resulted in a reduction in complaints related to wayfinding and navigation 
within the hospital (Cooper, 2010). 
 
Maps and signs are used in a number of places to aid user navigation, and many studies have 
looked at the effect signs and maps have on wayfinding (Butler et al., 1993; Fewings, 2001; 
Apelt, Crawford and Hogan, 2007; Farr et al., 2012). The use of maps on their own can be an 
effective navigation aid, however, it was found that when signage is available, the use of 
maps dropped by nearly two-thirds (Hölscher et al., 2007). This suggests that signage can be a 
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more effective environmental addition to aid wayfinding, without potential disorientation. 
Providing the user can obtain information which is useful to their travel from signage, journey 
times can be quicker when compared with journeys which rely on maps (Butler et al., 1993). 
However, there have also been arguments against the use of signage, suggesting that it should 
only be used as a last resort, and contain only the information the user requires (Carr, 2006). 
A study of signage in a library setting found that users moving through areas with good 
visibility, low complexity, and high connectivity, had the risk of being hindered by 
misleading signs (Li and Klippel, 2012). 
 
Signage in a healthcare environment should be easy to interpret and understand in a hurry. 
Complexity should be kept to a minimum, with the aim to prevent the user needing to perform 
excessive amounts of cognitive processing (Rousek and Hallbeck, 2011). When signage is 
poor or non-existent, users are left to navigate based on the environmental clues provided in 
the architecture of the building. As such, designers can use architectural differences to attract 
or repel users towards certain routes. This can, for example, be achieved through the use of 
pale and bright colours (Cooper, Mohide and Gilbert, 1989; Devlin and Arneill, 2003; Dalke 
et al., 2006). 
 
It has been suggested that people prefer to travel along brightly lit corridors, or, where two 
corridors are equally bright then they will travel down the widest of the two (Vilar et al., 
2014). Where all options are equal it has been argued that people will take the path to their 
right (Scharine and McBeath, 2002; Vilar et al., 2014). However, it was suggested that it may 
be possible that the driving habits of users have an effect on their likelihood to take the path to 
Optimising hospital designs and processes to improve efficiency and enhance the user 
experience 
40 
the right when faced with equal choice, although study results were not able to support this 
(Scharine and McBeath, 2002). 
 
Measuring the ‘cost’ of a route can be done in a number of ways, with the literature arguing 
for different metrics and what the ideal path is. These include the straightest path (Peponis, 
Bafna and Zhang, 2008; Mohamad and Said, 2014; Shao et al., 2014); the path of shortest 
travel distance (Peponis, Bafna and Zhang, 2008; Cutts et al., 2009; Lwin and Murayama, 
2011); or the path with the least complexity. For example, a longer path may be preferred 
over a shorter one if it negates the presence of hills, traffic or other impediments (Montello, 
1991). Complexity may be measured by the number of turns a user has to make, the number 
of decision points they encounter, or the amount of backtracking they may have to take 
(Peponis, Zimring and Choi, 1990; Arthur and Passini, 1992; Raubal and Egenhofer, 1998; 
Jiang, Claramunt and Klarqvist, 2000; Shao et al., 2014). It has been previously argued that 
individual differences between users, including spatial awareness, gender, or age, can affect a 
person’s wayfinding abilities and the path they choose. For example, routes which infer a 
greater feeling of personal safety, or paths which are more familiar, may be preferred over the 
shortest or straightest (Montello, 1991; Montello and Sas, 2006). 
 
These metrics provide an ability to measure what the natural path may be between two points. 
The natural path may combine several navigation techniques that will aim to satisfy the users 
psychological needs, for example, the need to not feel lost (Shao et al., 2014). However, they 
are not an exhaustive list of available metrics used to measure a building’s legibility for 
wayfinding, navigation, or crowd movement. Some other metrics can include those which 
measure the overall centrality and connectivity of the space (Peponis et al., 1998; Jiang, 
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Claramunt and Batty, 1999; Jiang, Claramunt and Klarqvist, 2000; Crucitti, Latora and Porta, 
2006; Mohamad and Said, 2014), however, these measure the building layout as a whole. For 
example, betweenness centrality measures how central a node is in a network, measured by 
how often it is used and traversed as part of all the possible shortest paths connecting all other 
nodes (Crucitti, Latora and Porta, 2006; Latora and Marchiori, 2007). These metrics offer an 
understanding of the space and which areas are likely to see the most footfall of pedestrian 
traffic, however, there is no evidence to suggest that users navigate by using these measures. 
Centrality and connectivity metrics require knowledge of the space as a whole, including all 
of the possible shortest path combinations. However, when navigating a building for the first 
time, a person is unlikely to know how well connected or central a given decision point may 
be as they do not have the pre-requisite knowledge. 
 
Several analytical tools have been developed for the assessment of a building’s and city’s 
performance in aiding users’ navigational abilities (Raubal and Egenhofer, 1998). Most of 
these tools make use of one or two metrics available in the literature, or define their own. 
Some of the tools examined include TOUR (Kuipers, 1978), ELMER (McCalla, Reid and 
Schneider, 1982), SPAM (McDermot and Davis, 1984), NAVIGATOR (Gopal, Klatzky and 
Smith, 1989), TRAVELLER (Leiser and Zilbershatz, 1989), and CosyCAD (Bojduj et al., 
2008). These tools primarily work on 1D network representations of a space or perform route 
by route analysis and are thus unlikely to be of use in the analysis and design of healthcare 
facilities. As each of the tools use different metrics it can be difficult to draw direct 
comparisons between them and discuss their suitability for healthcare design projects. For 
example, TRAVELLER uses 1D nodal analysis metrics while ELMER uses street sign 
analysis to ‘drive’ around a virtual city. TRAVELLER utilises the links between nodes in a 
Optimising hospital designs and processes to improve efficiency and enhance the user 
experience 
42 
1D space, while TOUR uses ‘you are here’ (YAH) memory pointers to navigate and 
NAVIGATOR uses artificial intelligence, in combination with psychological reasoning, to 
compute the navigations available in a space. CosyCAD aims to make a building design 
optimal to make wayfinding easier for users, whereas the other tools provide a measure of 
how well the space lends itself to a user’s natural wayfinding based on the chosen metrics. 
 
These tools provide a high-level measure of a space’s capabilities in aiding natural 
wayfinding. However, when navigating large, unfamiliar spaces, signage and maps will be 
necessary. There are a set of best practices and guidelines emerging from both research and 
industry consultancy to guide what constitutes good signage (NHS Estates, 2005; Apelt, 
Crawford and Hogan, 2007; Gibson, 2009; Buechner, Wiener and Hölscher, 2012; Bonfanti, 
2013; Calori and Vanden-Eynden, 2015). These are designed to inform and guide architects 
and designers on the best placement and use of signage. However, most of the 
recommendations are high-level, for example, that signage placement is “not obscured or 
surrounded by clutter” (NHS Estates, 2005), “consistent”, and “suitable for all users” (Apelt, 
Crawford and Hogan, 2007), and there are a lack of design tools to aid engineers, architects, 
and designers in effective signage placement. 
 
It is suggested that signage consultants and designers need to exhaustively survey the design 
to become familiar with the building layout to then develop a signage placement strategy 
(Gibson, 2009). Typically, those producing signage strategies need to mark up the design 
drawings with where signage should be placed. These locations are borne from experience in 
wayfinding or signage consultancy, or being able to identify decision points along a route 
between the arrival and departure areas (Baskaya, Wilson and Özcan, 2004; Gibson, 2009; 
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Farr et al., 2012). As such, there is a clear gap in tools which help place signage at the points 
best suited for travellers navigating unfamiliar locations. 
2.4.2 OPERATIONAL MODELLING 
The use of modelling, simulation, and analysis is documented in several healthcare design 
studies. A review of publications that describe the use of dashboards to convey information 
shows the range of technologies in use. Examples include custom developments utilising 
FoxPro (Batley et al., 2011); additional functionality for existing systems (Koopman et al., 
2011); and easily accessible web-based solutions (Waitman et al., 2011). The tools aim to 
provide actionable intelligence to stakeholders to provide the best patient care. Many make 
use of ‘traffic-light’ outputs to convey information to users quickly, for example: highlighting 
a new result becoming available (Batley et al., 2011); indicating the review status of a 
patient’s record (Waitman et al., 2011); or highlighting when an item needs updating 
(McMenamin, Nicholson and Leech, 2011). 
 
Ensuring the right level of detail is seen by the right user at the right time is also argued to be 
vital to a system that seeks to ensure information is acted upon appropriately (Pauwels et al., 
2009). The time taken to extract value from the presented data can be prohibitive to its use if 
the tool does not present data in a format which is easy to understand (Stadler et al., 2016). It 
has been argued that the accuracy of interpretation decreases when the complexity of the tool 
increases (Halford et al., 2005), meaning that a clear data output is imperative to a successful 
modelling tool. 
 
The metrics that modelling tools use to measure performance vary depending on the use of the 
tool. Those which focus on facility management typically use patient length of stay, 
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readmissions, or bed occupancy (Daley et al., 2013; Stadler et al., 2016). Those which look at 
patient scheduling opt to give focus to metrics related to patient satisfaction and waiting, 
alongside utilisation of clinicians and space (Al-Araidah, Boran and Wahsheh, 2012; Lee et 
al., 2013). Many solutions are available as they are typically developed to serve a single 
specific purpose, rather than as a holistic operational modelling aid. 
 
This diversity between end-solutions is seen strongly when reviewing tools found in the 
literature, such as the tools presented by Batley et al. (2011), Koopman et al. (2011), 
McMenamin, Nicholson and Leech (2011) Waitman et al. (2011), and Daley et al. (2013). 
The tool presented by Waitman et al. (2011) used graphs to aid pharmacists by alerting them 
to potential drug dispensing errors. This tool allowed pharmacists to intercept medication 
errors prior to an adverse drug event (Waitman et al., 2011). Similarly, the dashboard 
presented by Batley et al. (2011) linked multiple systems together with the aim of providing 
data for clinicians using a colour-coding system, highlighting results which were new (red), 
and results which had already been handled (green). The interface design was reported as key 
to the tool’s success, highlighting how the interface design is important to its adoption and 
usability (Batley et al., 2011). This approach was also seen in the study by Daley et al. (2013) 
which demonstrated how laying out a tool to utilise a clear set of visual displays can enhance 
the information-sharing and awareness between users. 
 
The research and tool of Koopman et al. (2011) was developed as additional functionality to 
an existing electronic health records system, with the aim of avoiding repeated tests. This was 
achieved as patient information was easily collated in an understandable format, increasing 
clinicians’ ability to retrieve the data (Koopman et al., 2011). Similarly, the tool presented by 
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McMenamin, Nicholson and Leech (2011) was built as a reminder system for clinics in 
Whanganui, New Zealand. This provided clinicians with data related to health targets agreed 
with patients. The use of the tool saw an increase in the data collection on a range of health 
issues, and an increase in screening for breast and cervical cancer, cardiovascular risk, and 
diabetes assessments (McMenamin, Nicholson and Leech, 2011). 
 
These tools provide good results for their core purpose. However, reusability and generic 
implementation is lacking, preventing their use in wider healthcare design and management. 
Tools that offer healthcare managers easy-to-use simulation capabilities for ‘what-if’ 
modelling are similarly lacking. As such, there is a clear need for tools, in the guise of 
dashboards or other easy-to-understand formats, which can compare a variety of metrics 
including utilisation (of space and clinicians), waiting times, and patient satisfaction, while 
providing managers the functionality to model changes in demand, process, or layout. 
2.5 SUMMARY 
This review of the literature outlines the previous knowledge and research conducted in 
optimising healthcare designs and processes to improve efficiency and enhance the user 
experience. However, there are a number of gaps that can be explored to further improve 
knowledge in these areas. First, there is a clear gap in how data is captured for healthcare 
design projects, with data capture taking many hours to complete, or bespoke tools being ill-
suited to continuous deployment. Secondly, there is a gap in how designs are analysed in 
terms of navigation and wayfinding, prominently in how signage placement is decided in 
healthcare facilities. Similarly, there is a gap in how designs are developed utilising evidence 
of how existing facilities are operating. Finally, there is a gap in operational modelling tools 
that compare across multiple metrics with simulation capabilities. There are numerous 
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modelling tools available that produce results for one metric, but do not link this with other 
metrics, nor are the results linked to the physical space the facility occupies. There is thus a 
gap for modelling tools that link process with space and with people. These are the gaps 
which the research within this thesis explores and forms the aims and objectives of the 
research undertaken in this period. 
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3 METHODOLOGY 
3.1 INTRODUCTION 
This chapter provides a critical review of the available research philosophies, methodologies, 
and specific research methods with respect to the research project presented in this thesis. It 
outlines how the adopted methodology was selected with reference to the research domain 
and the resources available to the research project. Table 3.1 provides a summary of the 
selected research methods and how they align to the specific aims of this research project. 
This chapter is intended as an overarching review of the methodology for the research project 
as a whole, while the papers presented in Appendices A to E provide more detail on specific 
methodologies for each aim. 
3.2 RESEARCH PHILOSOPHY 
The philosophical views of researchers have an impact on how the research is undertaken 
(Slife and Williams, 1995). It is necessary for researchers to understand their world view 
(Crotty, 1998; Andrade, 2009) and how this may impact on, inform, and guide their research 
(Guba and Lincoln, 1994). It has been previously recommended by Crotty (1998) that 
researchers consider four questions prior to undertaking research: what epistemology will 
inform the theoretical perspective; which theoretical perspective is behind the chosen 
methodology; what methodology best suits the researchers; and what methods are intended to 
be utilised during the study. 
 
An underlying problem serves as an intellectual stimulus upon which all research is based 
(Blaxter, Hughes and Tight, 2006), and new knowledge is developed after examination of the 
problem following a process which allows research to be undertaken in a measured manner 
(Davies, 2015). The implemented research design will thus reflect the decisions taken by 
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researchers with regards to the inquiry strategy, philosophical views, and research methods 
(Creswell, 2009). The literature has identified many philosophies, including, but not limited 
to, radical structuralism, pragmatism, subjectivism, realism, and positivism (Saunders, Lewis 
and Thornhill, 2007). Radical structuralists hold an objective view of the world, believing that 
there are endless possibilities for knowledge and in the potential of every person (Burke, 
2007), while positivism holds a view that the world is full of unchanging laws, and 
understanding these laws explains what happens around us (Hughes, 2001). Positivists 
typically prefer to work with, and produce, quantitative data to observe and test the events that 
occur to obtain the underlying theory behind observed phenomena (Mukherji and Albon, 
2009), whereas radical structuralists may often lean towards the collection and use of 
qualitative data (Hussey and Hussey, 1997). Pragmatism sits in the middle of the spectrum, 
and employs a mix of quantitative and qualitative methods, combined with real-world 
experiences, to draw conclusions and knowledge (Creswell, 2009). Research concerning 
human lifestyles and experiences can benefit from a pragmatic research approach to cover all 
the variables. 
3.3 DEDUCTIVE VS INDUCTIVE RESEARCH APPROACHES 
Quantitative research produces a deductive approach to the link between theory and research 
(Davies, 2015). It embodies the philosophical values held by positivism, that the world is 
external, that social reality is objective, and the research unbiased (Blumberg, Cooper and 
Schindler, 2005; Bryman and Bell, 2011). It provides data which can be used to measure 
performance and is commonly used in the physical sciences as a means to quantify and 
measure the world. Thus, quantitative research uses objective measurement through 
investigating literature and facts to define a set of objectives from which a testable hypothesis 
can be drawn (Fellows and Liu, 2009; Naoum, 2012). 
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Equally, qualitative research is primarily used as a subjective assessment of the problem 
under investigation, and provides an inductive link between theory and research (Naoum, 
2012; Davies, 2015). Social reality is viewed as an emergent property that is shifting 
constantly (Bryman and Bell, 2011), while the research conducted primarily focusses on the 
collection and exploration of data and information in as much detail as possible (Blaxter, 
Hughes and Tight, 2006). Typically, qualitative research is undertaken to obtain an 
understanding and collect data from which future theories may emerge (Fellows and Liu, 
2009). Conclusions drawn from qualitative data are typically reliant on generalisations made 
of a population, as emotions and feelings are complex and difficult to reliably and accurately 
measure. 
3.4 RESEARCH METHODS 
Quantitative and qualitative research methods are used to collect data which is then used to 
either confirm or reject a theory or hypothesis, or to provide new insight and knowledge. A 
number of methods exist for researchers to obtain this data, for example, surveys; case 
studies; action research; grounded theory; observations; and experiments (Maiden and Rugg, 
1996; Fellows and Liu, 2009). Some methods can be difficult to use effectively in some 
studies and there are many ethical considerations to be respected when conducting research 
involving human subjects, which may limit the use of some research methods. 
 
Case study research allows for the examination of a current event or entity within the context 
that surrounds it, and can be useful in understanding complex situations occurring in the real 
world (Soy, 1997; Yin, 2014). However, critics of case studies have argued that a study 
investigating a small or limited number of real-world cases may not be sufficient to then 
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establish reliable findings, or generalise new knowledge across a population (Soy, 1997). Care 
must therefore be given regarding case study research to ensure generalisations and results are 
not being drawn from a limited data set. Any of the philosophies may make use of case 
studies to obtain an in-depth analysis for a specific problem (Naoum, 2012), however, the 
results drawn may vary depending on the philosophical mind set of the researcher conducting 
the study. A full review of additional methods is presented in Section 2.3.1. 
 
For researchers who wish to develop their own account in theory of the generalised features of 
a research area, grounded theory provides an opportunity to justify that account with data and 
observations (Martin and Turner, 1986). Action Research, also known as participatory 
research or action learning, contributes to the aims of the social sciences alongside 
problematic situations that are concerning to the population (Rapoport, 1970). This is 
achieved by integrating the researcher in the environment in which they conduct their 
research. The key characteristics of action research, identified by Reason (2001), are: to 
embed researchers in the environment, where other forms of research aims to separate the 
researcher from the research; that the truth is an activity undertaken by people and should thus 
be managed by taking into consideration various forms of ‘knowing things’ such as poetry, 
visual art, or practical knowledge demonstrated through competence and skill; to ‘develop 
practical knowing’ through rooting the researcher in the practice; and that research is to be a 
collaborative effort, with others involved in the process being investigated. Researchers will 
try to improve a situation following a careful review and investigation of the existing scenario 
to identify the problem (which will serve as the intellectual stimulus to the researcher). This 
may be done through the introduction of a practical solution, or by devising a novel approach 
to tackle the problem (Brewerton and Millward, 2001; Costello, 2003; Naoum, 2012). 
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Computer simulation is a research method commonly used when exploring multiple scenarios 
under testing. It provides a reality within a virtual setting that aims to mimic real-world 
activities for the purpose of testing different situations that may be impractical to test in the 
real-world. Constraints to testing in the real-world stem from cost, practicality, and ethical 
concerns that prohibit tests being conducted that may negatively impact on humans or 
animals. Thus, computer simulation allows researchers to explore options in a safe 
environment, such as allowing designs to be validated before costly construction. 
Implementation driven research is a similar computational based method that aims to further 
research by iteratively producing better systems to existing problems (Johnson, 2006). This 
can allow researchers to take an existing system and improve it by combining data from other 
research methods to progress towards an optimal system. However, as a system becomes 
more specific to solving the problem at hand it can become difficult to generalise the findings 
to a broader set of problems. Similarly, if the devised system is faulty then little or no insight 
may be gained in answering the original research question. Critical evaluation of the failure 
should be undertaken to discover whether the failure is due to the implementation of the 
system, or due to the general idea itself (Johnson, 2006). 
3.5 ADOPTED METHODOLOGY 
Prior to selecting a research methodology for this research, an examination was made of the 
conditions in which the research would be undertaken. The nature of the EngD affords a 
number of resources that can influence the research. These include access to traditional 
research materials made available by the University, such as academic supervision and 
guidance; library facilities and journal access; and the support of the CICE. These are 
supplemented by access to resources available from the industrial sponsor, such as industrial 
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supervision; access to past and present projects; and experience in adopting theory into 
practice. 
 
There were several constraints to also be considered when deciding on the research 
methodology and adopted research methods. One of the most prevalent constraints being that 
of patient confidentiality and patient safety when conducting research in a health 
environment. Although this research was never planned to interact with patients directly, 
consideration of findings that may have an impact on patients needed to be given. This 
includes the ethical implications of collecting data in sensitive health environments and 
ensuring that staff are not hindered in conducting their usual work. Where projects conducted 
by the industrial sponsor required data of a potentially sensitive nature to be captured, 
clearance was sought from the NHS ethical approval body prior to work being conducted. The 
findings and outcomes of the research are also required to meet academic standards of novelty 
and rigour, while equally being of value to the industrial sponsor for an industrial application. 
 
Owing to the need for the outcomes to have an industrial application, grounded theory and 
action research were decided to be the most applicable research methodologies for this study. 
This allows for the RE to work closely with the industrial sponsor, allowing the research 
outcomes to match industry requirements as well as academic requirements easily. Action 
research aids the RE in working on industry projects, assisting their understanding of the data 
from these projects to further the research. Thus, case studies were selected as an appropriate 
research method, utilising past projects from the industrial sponsor for examination and 
extracting data to assist this research. Similarly, the use of observations allowed the RE to 
gain a full understanding of the existing situation and to capture relevant data for the research. 
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Observations were to be used within the industrial sponsor’s offices, to understand how 
engineering projects operate to best align the research outcomes to industry need, as well as 
within site surveys undertaken on behalf of the industry sponsor. A full summary of adopted 
research methods for each aim of this research project is presented in Table 3.1. 
 
Table 3.1 - Summary of adopted research methods 
Methodology Grounded Theory & Action Research 
Sub-aim reference Aim 1 Aim 2 Aim 3 Aim 4 Aim 5 
General Literature Review1 Critical review of literature to explore the gaps in 
existing knowledge 
    Specific Literature Review2 Y Y Y Y Y 
Case Study Y Y   Y 
Observations Y Y Y   
Activity Sampling Y Y    
Computer Simulation    Y Y 
Implementation Driven  Y Y Y Y 
1Literature Review – a critical review of the background academic and industrial literature 
that identified the gaps from which the aims and objectives of this research was based. 
2Specific Literature Review – a systematic review of the available academic and industrial 
literature related to an aim or objective to understand the specific gap in the knowledge and 
understand where the outcomes of this aim or objective would be placed. 
3.6 SUMMARY 
This chapter has presented an overview of research philosophies, methodologies, and research 
methods and discussed their relevance to the research project detailed in this thesis. A critique 
of the available methods was performed and used to guide the adopted methodology and the 
chosen research methods presented in Table 3.1. Most of the research undertaken was 
quantitative in nature, with measurable outcomes in the computational tools developed or 
results produced. However, some elements were qualitative in nature where qualitative data 
was deemed most appropriate for a given objective. The published papers in Appendices A to 
E provide greater detail of the methodologies with regards to specific methods utilised in the 
course of this research. The methodology reviewed and presented in this chapter supports the 
research conducted as part of this research project which is presented in Chapter 4. 
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4 RESEARCH CONDUCTED 
This chapter provides an overview of the research undertaken to meet the aims and objectives 
outlined in Section 1.5. Each section of research is accompanied by a peer-reviewed paper. 
Each paper can be found in the appendices, an overview of which is available in Table 4.1. 
The research detailed here should be read in conjunction with the accompanying papers, as 
they provide more detail related to methodology, inputs, and explicit findings that 
complement the overviews provided in this chapter. 
 
Table 4.1 - Published peer-reviewed papers 
Appendix Paper 
number 
Paper Outlet Overview 
section 
number 
A 1 Using evidence-based design 
to improve pharmacy 
department efficiency 
Health 
Environments 
Research & Design 
(HERD) (2016) 
4.1.1 
B 2 Building better healthcare – 
technologies to facilitate 
evidence-based design 
European 
Healthcare Design 
Conference (2016) 
4.1.2 
C 3 A tool for signage placement 
recommendation in hospitals 
based on wayfinding metrics 
Indoor and Built 
Environment (IBE) 
(2017) 
4.2.1 
D 4 Maximising patient 
throughput using discrete-
event simulation 
SimulTech 
Conference (2017) 
4.3.1 
E 5 Modeling and simulating 
hospital operations in a 3D 
environment 
Winter Simulation 
Conference (2017) 
4.3.2 
4.1 WORK PACKAGE 1 – OPTIMISATION OF LAYOUTS AND 
DATA CAPTURE 
The research conducted as part of this work package was conducted to investigate the sub-
aims ‘optimally layout a facility’ and ‘understand how facilities are used’. This was 
completed through a case study of a pharmacy department, along with a novel tool for 
automating healthcare data capture from video streams. The first research package, looking at 
optimising a pharmacy department, used a novel approach to analyse the adjacencies between 
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functions and produce an optimal design. The second research package produced a novel tool 
for capturing data from video streams utilising computer vision algorithms. The papers in 
Appendix A and B capture the details of these research packages in full. 
4.1.1 PHARMACY DESIGN 
A large focus of healthcare research is placed upon direct patient care with numerous studies 
investigating improvements that directly impact the patient (Booth et al., 1992; Rhee and 
Bird, 1996; Thompson et al., 1996; Fornara, Bonaiuto and Bonnes, 2006; Ridic, Gleason and 
Ridic, 2012). There are few studies that have investigated the effect of building design on 
staff with the aim to improve facility design rather than evaluate it. 
 
In 2014, the estate of a large hospital in the South-West of England was undergoing 
redevelopment, with particular focus being granted to the redesign of a new pharmacy. The 
research conducted in optimising the design of this pharmacy facility is described in brief in 
Sections 4.1.1.1 to 4.1.1.3, with full details reported in Paper 1. 
4.1.1.1 The problem 
The pharmacy department for the hospital had undergone numerous adaptations since the 
building was originally constructed to accommodate new technologies aimed at optimising 
the pharmaceutical process. One such innovation was the introduction of a robotic dispensing 
machine. However, the accommodation of the robot was viewed by some staff to be a source 
of inefficiency due to its location being out of the way for Stores staff. 
 
The inclusion of the robot resulted in Stores staff branching into the Dispensary Area to 
perform their work, requiring them to travel further from their base of operations near the 
traditional shelving units. Figure 4.1 and Figure 4.2 show the division in working areas 
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between Stores and Dispensary staff and the flow of movements for Store staff. It was 
considered that the robot should act as an interface between the two teams, and an initial 
design around this theory was produced by architects. Figure 4.3 and Figure 4.4 show the 
original building design and the proposed layout. 
 
Figure 4.1 - Key working areas of pharmacy staff (existing building) 
 
Figure 4.2 - Figure 2 from Paper 1 showing the task areas of stores staff within the existing building 
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Figure 4.3 - Existing pharmacy building. Legend shows walking distance from the delivery reception point 
 
Figure 4.4 - Figure 8 from Paper 1 showing the initial proposed pharmacy design 
 
4.1.1.2 The approach 
A data collection study was undertaken to understand how the operations of the Stores and 
Dispensary staff were conducted in the original building. This was achieved by recording the 
movements of staff across two ‘busy’ days (defined by the Stores manager). This procured a 
large quantity of data with minimal intrusion upon the department, with 3478 movements 
between functions being collected across the collection phase. Video cameras were used to 
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record staff movements throughout the department. Figure 3 of Appendix A showcases the 
locations of recording equipment used in the study. 
 
The analysis of movements produced a frequency matrix of functions which staff worked 
between that provided evidence of the functions which were commonly used in sequence 
during the course of a shift. From the frequency matrix, a walking time matrix was produced 
to highlight how much time staff spent walking between functions during the observed period. 
It was found that a large proportion of movements were made between the unpacking area and 
key store locations, and between the ward boxes and key robot functions. The analysis 
concluded that the robot was not the centre of operations as many stakeholders believed, and 
allowed the architects to produce a design that better placed functions based on their 
adjacency to other functions. The evidence-based design is seen in Figure 4.5. 
 
Figure 4.5 - Figure 9 from Paper 1 showing the final pharmacy design 
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4.1.1.3 The solution 
The design based upon the evidence gathered through the study produced a more optimal 
design across a range of metrics, including floor area, average distance between functions, 
and the time spent walking between functions. Table 4.2 provides a comparison between the 
three layouts. 
 
Table 4.2 - Comparison of pharmacy designs 
 Original layout Proposed layout Evidence-based 
layout 
Floor area 807m2 777m2 484m2 
Average distance 
between functions 
 
19m 18m 14m 
Total walking 
distance 
49917m 54414m 37988m 
Total walking time 1060 minutes 1134 minutes 792 minutes 
The study demonstrated the importance of evidence-based design in healthcare planning, 
predicting a decrease of 24% in staff walking time and distance in the final design, and 
optimised the use of clinical workforce in line with the Carter Report recommendations. The 
evidence collected allowed for a novel design approach to be undertaken by analysing the 
adjacencies and producing a design that placed functions with common adjacencies near each 
other to reduce the walking time/distance. 
 
Full details of the study, including its methodology, design, conclusions, and limitations, are 
available in the accompanying journal paper in Appendix A. 
4.1.2 AUTOMATED DATA CAPTURE 
The collection of reliable data in a cost effective and timely manner is key to any project. The 
data needs to be relevant, which can require fresh data collection for a study to be undertaken 
successfully. As part of the redevelopment of the aforementioned hospital, an occupancy 
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study was completed to understand how the outpatient departments, in particular the waiting 
areas, were operating. This study, combined with the aforementioned Pharmacy study, 
required extensive data collection phases to acquire this understanding. The research 
conducted in optimising the data collection phase of healthcare projects is described in brief 
in Sections 4.1.2.1 to 4.1.2.3, with full details reported in Paper 2. 
 
4.1.2.1 The problem 
Projects where fresh data is required can have lengthy phases of data collection attached to 
them before decision making on a project can begin. In healthcare, the need to understand 
how a building is performing is critical to ensure future designs and operational interventions 
do not negatively impact patient care. However, the data collection phases can increase the 
project costs in both time and money. The data collection phase for the aforementioned 
Pharmacy project took two weeks to complete, while the outpatient study took nearly eight 
weeks to complete. Both studies required trained observers to analyse the study areas live, and 
collect data from video analysis afterwards. 
 
Previous attempts at automating the data collection process across a range of industries 
including healthcare have met a number of issues that prevent automation from being 
widespread in data collection studies. The review of previous approaches in Section 2.3.1 
highlighted that previous attempts at automating healthcare data capture have resulted in 
technologies which are not generic enough to be applied to any project. Similarly, the review 
of data collection studies which utilise activity sampling, show they are commonplace among 
workplace activity recording, as they aim to minimise disruption to the workplace being 
investigated. However, this technique means some data can be lost during unobserved 
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periods, and it may typically be combined with other techniques to capture this missed data, 
thus increasing costs. 
4.1.2.2 The approach 
A review of the healthcare projects undertaken by the industrial sponsor was performed 
alongside a review of projects described in the literature to understand the data these projects 
required. From this, it was found that there are a set of key metrics used when measuring the 
performance of a facility, including resource utilisation, room occupancy and utilisation, 
waiting times, and journey times. The approach to resolve the issues of lengthy data collection 
phases required a cost-effective solution that could be generalisable enough to apply to any 
project, while specific enough to obtain the right data. Additionally, it needed to be cost-
effective for industry use without being prohibitive to competitive healthcare analysis. 
 
An analysis of available technologies was undertaken to understand the constraints of existing 
capabilities that could be used to automate data capture for certain metrics. Some examples 
highlighted in previous chapters include RFID tracking of equipment where usage could be 
inferred from periods of non-movement, or scraping data from computer systems to record 
actions. However, both of these approaches may result in an incomplete picture of what is 
happening due to the inferences necessary from incomplete datasets. 
 
4.1.2.3 The solution 
The result of the analysis revealed that a tool which could capture relevant data from readily-
available sources would be the most optimum solution. The most readily-available source was 
determined to be video evidence, either from CCTV systems, camera phones, or cameras set 
up for a specific purpose. A video analysis tool was developed utilising the open-source 
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computer vision libraries OpenCV. This allowed video manipulation and the implementation 
of algorithms for motion detection that can be enhanced to provide data on the metrics 
identified. 
 
To ensure the tool is generalisable across a range of studies, it does not contain any artificial 
intelligence to define the regions from which data should be captured. Rather, users define the 
regions of video frame where they wish to capture data. This allows the data capture to be 
specific to the required task. Figure 4.6 displays regions of interest being drawn on a waiting 
area video to identify the chairs for occupancy analysis. 
 
The tool uses the algorithmic equation shown in Equation 4.1 to calculate changes in the 
regions of interest from their base state. If the regions change by more than a given threshold 
they are considered to have changed their occupation state (occupied if not previously 
occupied and vice versa). The occupation state is recorded over all of the frames in the video, 
and is recorded where the changed occupation state is equal to or greater than the time 
threshold. All thresholds are able to be controlled by the user to provide a tool which can be 
customised. 
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Figure 4.6 - Regions of interest being drawn in the tool 
 
Equation 4.1 - Equation showing how the 'change' is calculated between regions 
 
Where f is the current frame being analysed, p is the current pixel being compared with the 
corresponding base case pixel (p0), and P is the total number of pixels in the region. 
 
The produced tool was tested against the data collection studies of the aforementioned 
Pharmacy and Outpatient studies to verify the tool’s ability to collect the necessary data, and 
compare the time savings of using the automated data collection against the manual 
equivalent. The results of these tests are displayed in Table 4.3 which shows a timesaving 
between 81.3% to 98.7% while capturing a greater number of data points. 
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Full details of the work, including further discussion on the merits and limitations of the tool 
are available in the accompanying conference paper in Appendix B. 
 
Table 4.3 - Comparison of manual and automated data capture from video analysis 
 Regions of 
Interest 
Manual Analysis Automated Analysis Time saved 
(%) Time 
taken 
Data 
points 
Time 
taken 
Data 
points 
Pharmacy 1 35 
minutes 
50 27 
seconds 
3000 98.7 
Outpatient 18 20 
minutes 
12 3 mins 44 
seconds 
3600 81.3 
4.2 WORK PACKAGE 2 – USER EXPERIENCE 
The research conducted in this work package was undertaken to fulfil the sub-aim ‘optimise a 
design for the users’ and focused on the user’s experience of a facility. The research was 
driven by patient surveys which identified that navigation and wayfinding were top 
complaints impacting the user experience and which would not be researched in other work 
packages. The research therefore looked at ways to analyse a building and identify the areas 
where users may feel lost or confused from a complex layout. This research spanned two 
areas: signage, and general complexity of the space. Reviewing the literature found that 
measuring the general complexity of a space has been studied previously, with a number of 
metrics pre-existing in academic tools. However, a gap was identified for a tool that could aid 
signage placement strategies which was further researched and developed to aid the user 
experience. The paper in Appendix C contains full details of this research package, while 
Section 4.2.1.4 details the enhancements of general space complexity for a complete industrial 
tool. 
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4.2.1 SIGNAGE 
Navigation of healthcare facilities can be a complex and challenging task when unfamiliar 
with the layout. Ineffective or poor design and placement of signage and maps may enhance 
the difficulties faced when attempting to navigate. The literature review found that navigation 
strategies are typically produced with minimal consideration of how people move about a 
space and, as such, strategies which may ‘work on paper’ may not work in reality to aid or 
optimise navigation. Wayfinding and navigation in general, and within healthcare, were 
explored in detail in Section 2.4.1, where it was found that a gap for a tool which can aid 
signage placement strategies in healthcare facilities existed. Full details are reported in Paper 
3. 
 
4.2.1.1 The problem 
Corridors within healthcare facilities form a complex network connecting various 
departments. Often there can be little differentiation in the architecture between corridors to 
aid natural wayfinding for facility users, resulting in confusion and frustration and it is 
common to utilise signage and maps to offer users a way of navigating a space. Poor 
navigation can also increase inefficiencies for staff who may have to spend time directing or 
guiding patients around the facility. 
 
A set of guidelines and best practices have emerged through consultancy and ongoing 
wayfinding research to guide designers in the best use and placement of signage within 
healthcare facilities. The summary of these highlight that signage placement strategies are 
typically borne from experience in consultancy and identifying the critical decision points of a 
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space along the pathways. As such, signage placement can vary between areas of the hospital 
depending on who has produced the strategy, which can increase complexity for users. 
 
These guidelines and best practices may not always follow the desire paths of users moving 
through the facility, which may result in signage being poorly placed compared with where a 
user may expect to find it. The guidelines presented to the NHS are that signage is “not 
obscured or surrounded by clutter” (NHS Estates, 2005) with other guidelines found in the 
literature reviewed in Section 2.4.1. With poor navigation being a top complaint for hospitals 
(Cooper, 2010) it is important to provide consistent signage strategies in a facility, with 
minimal effort and cost. 
 
4.2.1.2 The approach 
Following a detailed review of the available literature and existing applications of signage 
placement in Section 2.4.1, a gap was identified for a tool that could analyse a facility layout 
to aid the production of signage strategies. The analysis expands on existing best practice of 
identifying the decision points commonly found in signage placement design to include 
analysis based on the natural paths between the entry and exit points. 
 
However, it would be incorrect to simply aim to replace signage strategy consultants with a 
computational solution. The tool developed to fill the identified gap was therefore designed to 
complement the working practices of consultants in understanding the layout and streamline 
the process. Thus, the tool was developed to work with existing 3D modelling tools, such as 
Rhino3D and Grasshopper, commonly used in the industry at the time of this research. 
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The review of the literature showed little consensus on the ideal path a user may travel along 
when left to naturally wayfind, with a number of options presented including straightest path, 
shortest distance, path of least complexity, and the most visible path. It was not within the 
scope of this research to identify the most likely ideal path, nor the ranking in which paths 
may be chosen from a selection of options. As such, the tool incorporates a number of 
analysis options for the designer to choose between to ensure a comprehensive signage study 
is completed. Table 4.4 describes the chosen analysis options included within the tool. 
 
Table 4.4 - Table 1 from Paper 3 describing the analysis metrics included in the signage recommendation 
tool 
Analysis Description 
Straightest path Users prefer to continue on the path of least angular deviation 
Widest path Users prefer to continue on the widest path (i.e. the widest corridor 
will be the preferred option at an intersection) 
Visually Accessible Users prefer to continue on the path where they have visibility to a 
greater area 
4.2.1.3 The solution 
The ideal (shortest) path between the entry and exit points of the model are calculated using 
the A* search algorithm and analysed against the chosen natural path. The tool produces a 
colour map outlining the areas along the shortest path where the user is most likely to deviate, 
and the direction they are likely to deviate in. An example of this is seen in Figure 4.7. 
 
The implementation of the tool to work with existing 3D modelling programs allow it to be 
easily used by engineers, architects, consultants, and healthcare planners to efficiently analyse 
a layout. This analysis can be used to produce a signage strategy which places signage where 
users are most likely to need it based on their natural path and aid their wayfinding abilities. 
The tool can analyse multiple routes simultaneously and produce an easily readable output for 
an engineer to examine. This allows an effective signage strategy to be completed by utilising 
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a computer to perform analysis quickly, while retaining human judgement and expertise in the 
final interpretation. 
 
However, only one analysis metric is measured per use, requiring the engineer to run multiple 
analyses to examine all possible outputs of each natural path. This was a deliberate 
implementation decision owing to the lack of supporting research specifying how the metrics 
could be combined and weighted meaningfully. The tool could be adapted in the future if this 
understanding was found through further research. 
 
Full details of the tool, including further discussion and limitations of its use are available in 
the accompanying journal paper in Appendix C. 
 
Figure 4.7 - Figure 16 from Paper 3 demonstrating multi-route analysis between points A-B and A-C 
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4.2.1.4 Additional work 
In addition to signage recommendations, the tool was further adapted to provide additional 
complexity measurement utilising the centrality metrics described in Section 2.4.1. As 
discussed, the measures of centrality have not been shown to directly influence immediate 
wayfinding capabilities, but may provide an indication of how complex a space may be for 
nodes that are not overly central. 
 
These enhancements to the tool were built to offer additional measures for which signage 
strategies could be effectively and efficiently compiled. This includes an indication of where 
additional signage may be necessary to help guide users through areas which may be densely 
populated. The centrality metrics included in the tool enhancement were: betweenness; 
closeness; information; and straightness. 
 
The additions to the tool were undertaken with the same ethos of the signage research, with 
the analysis metrics added as components to the original tool to allow for ease of use by 
engineers. This provides a single comprehensive tool for industry to analyse a hospital facility 
across a range of metrics and produce an effective signage strategy. 
4.3 WORK PACKAGE 3 – SIMULATION 
The research conducted in this work package was undertaken to solve the sub-aims ‘optimise 
hospital operations’ and ‘monitor and predict future operations’. This research investigated 
the use of discrete-event and agent based simulation technologies to resolve a range of aims 
and objectives. The first research package looked at optimising clinic timetabling using 
discrete-event simulation (DES) with a direct application for a hospital within the NHS. The 
second research package looked at providing accessible agent-based simulation (ABS) to 
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designers and facility managers to monitor operations and predict the impact of changes 
without negatively impacting patient care. The papers in Appendix D and E detail both 
research packages in full. 
4.3.1 CLINIC PLANNING 
Planning clinic timetables can be a delicate balance between a variety of measures including 
resource utilisation, space utilisation, minimised waiting times, and clinic over-time. There 
are many factors which can impact on the scheduling of patients, including arrival patterns, 
variations in appointment length, and no-shows. The review of available literature on clinic 
timetable planning in Section 2.4.2, found several existing discrete-event simulators that aim 
to provide clinics with timetable planning capabilities. However, it was discussed that these 
existing tools rarely analyse a timetable plan for more than one metric which was prohibitive 
to the NHS which is often asked to balance a range of issues at once. This research looked at 
the development of a new tool for a specific new-build hospital in the UK that compared 
multiple metrics. Full details of the work are reported in Paper 4. 
 
4.3.1.1 The problem 
In 2013, an NHS Trust in England received approval to build a new cancer centre that would 
hold a range of facilities including inpatient and outpatient cancer treatment facilities. In 
2015, this Trust found that outpatient demand at the existing site was exceeding the 
anticipated activity levels, and became concerned that the new building would not be able to 
cope with the increased activity. The Smart Space team were commissioned to investigate a 
discrete-event simulation tool to aid the outpatient department in planning their timetables and 
operational models. 
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The Trust were running two clinic models within their outpatient department; a hub and spoke 
model where clinicians use a central hub to undertake administration work; and a dedicated 
model where clinicians worked from a fixed location for the duration of their shift. There was 
a desire to optimise the clinic timetabling for a range of metrics, including: patient waiting 
times; clinic room utilisation; waiting room utilisation; staff hub utilisation (for hub and spoke 
clinicians); clinician utilisation; total patient facing time (post clinic); clinic over-run; patients 
waiting (post clinic); and patients being seen (post clinic). The extent of these metrics 
determined that an existing solution found in industry or academia would not be suitable to 
meet the needs of the Trust. 
4.3.1.2 The approach 
Variations in appointment durations and patient arrival times can negatively impact timetable 
planning for any department. The tool produced therefore needed to take these variations into 
account when performing simulations. To achieve this, the Trust provided historical data of 
3,748 appointments to analyse the variation of appointment duration and arrival patterns. The 
distributions of the appointment durations are given in Figure 4.8 and Figure 4.9. However, 
rather than solely rely on the analysis of the average from this data set, the tool allows the 
inputs to be modified, or for additional historical data to be provided to produce a more 
accurate simulation model. 
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Figure 4.8 - Figure 2 from Paper 4 showing the appointment duration for low throughput patients 
 
Figure 4.9 - Figure 3 from Paper 4 showing the appointment duration for high throughput patients 
To allow the tool to be usable in existing and future scenarios with changing demands, the 
inputs are exposed to the user in the Graphical User Interface (GUI). This allows the tool’s 
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users to produce their own simulation model with ease, providing accessible simulation for 
timetable planning. The exposing of inputs allows for multiple scenarios to be examined 
simultaneously, allowing the Trust to perform easy comparison studies across the range of 
metrics to find the most optimum schedule. 
 
However, the variation in the inputs, such as the appointment durations, results in variability 
between two simulation runs. To counter this, multiple simulation runs are performed for a 
given set of inputs. The average result and range of all results are then provided to the user to 
allow experienced judgement to analyse the outputs appropriately. To determine how many 
simulation runs would be necessary to produce reliable results, an analysis was conducted 
across four metrics to explore the variation. The results of this analysis are given in Table 6 in 
the accompanying paper in Appendix D. The analysis suggested that 40-50 simulation runs 
were necessary to provide results with minimal variation. 
 
4.3.1.3 The solution 
The tool provided to the Trust was a powerful discrete-event simulation tool to aid the 
production of optimal clinic timetables for the outpatient department. However, exposing the 
simulation inputs allows the tool to retain a measure of generalisability to other clinics. Other 
facilities can use the tool by providing their own inputs for clinic rooms, staff numbers, and 
historical appointment data to explore a range of options for patient scheduling. This prevents 
the tool from being a specific problem solver, an issue seen in many existing technologies. 
 
The wide range of metrics provided by the tool allows for a schedule that balances many of 
the concerns health providers are measured against. As regulations change in the future, the 
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tool retains the capability to be enhanced with additional output analysis to ensure it remains 
at the fore-front of patient scheduling simulation for the NHS. The inclusion of clinician 
resources to the simulation model allows for future planning to be performed, by analysing 
the impact of staff absence, or changes, in advance and produce appropriate timetables. 
 
However, similar to the signage recommendation tool, the clinic planning tool does not 
provide a definitive answer to the number of patients a department can accommodate in a 
given period. Rather, it provides accessible analysis in an easy-to-understand format to allow 
experienced judgement to make an informed decision. Although this does then require the use 
of a trained user capable of correctly interpreting the results, it provides an approach that is 
more likely to be adopted by stakeholders who can verify the results themselves without 
reliance on a computation they may not trust. 
 
Full details of the tool, including a detailed description of the simulation inputs and 
exportable outputs, are available in the accompanying conference paper in Appendix D. 
4.3.2 3D OPERATIONS MODELLING 
Section 2.4.2 explored the use of dashboards in aiding hospital decision makers to make 
clinical and managerial decisions. The review found, similar to the use of DES dashboards in 
clinic timetabling, that few are generalisable to multiple situations, or contain a small number 
of analysis metrics. Many existing dashboards provide either DES models, or present data in 
an accessible way, with few incorporating the link between people, process, and space 
through ABS models. Accessible dashboards that allow healthcare managers and designers to 
assess the impact of spatial layout changes, or the impact of policy and process changes, on 
the patients while balancing a range of metrics was found to be lacking. This research 
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investigated filling this gap with an innovative, accessible dashboard providing 3D ABS 
modelling capabilities. The full details of this research are reported in Paper 5. 
 
4.3.2.1 The problem 
The use of dashboards is seen in a variety of sectors to aid the understanding and application 
of data. They are frequently developed for summarising key performance information and raw 
data for business managers in a visual display (Dowding et al., 2015). The metrics which are 
utilised by healthcare sector dashboards vary greatly depending on their use, but typically 
include patient waiting, bed occupancy, patient length of stay, and readmissions. 
 
Typically, dashboards are built to convey important information easily without risk of 
misinterpretation, allowing users to easily understand the outputs in ways that transcend 
language barriers. Usability and utility of a dashboard can easily be lost if too much data is 
presented, overwhelming users and becoming prohibitive if they cannot understand the 
outputs. Thus, the ability to view the correct level of details at the right moment is crucial to 
ensure correct interpretation and usability of a dashboard. 
 
As with clinic scheduling tools, existing dashboards focus on a specific problem for a specific 
facility or department within a hospital. Few incorporate people movement, or financial 
costings in the dashboards reported, though many include reference to the cost of care in 
terms of re-admittance or patients seen. However, as the NHS is increasingly forced to focus 
on space utilisation, patient safety, and the patient experience, as well as finances, there was a 
gap identified for a dashboard which could be used by managers to analyse and predict a 
facility’s performance while balancing the appropriate metrics. 
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4.3.2.2 The approach 
The dashboard was built as a plugin for Rhino3D, a common tool used in industry for 
modelling, however, it has an adaptable GUI for implementation within other CAD modelling 
software. As generalisability of the dashboard was a key objective to its usability, it does not 
contain a fixed layout of components. Instead, it contains a number of widgets that allow for 
the building of a model, implementing processes, and simulating changes. These widgets can 
be dragged and dropped around the dashboard, allowing users to produce a custom dashboard 
that works to their needs. 
 
ABS is provided using the SmartMove simulation engine, with the widgets providing 
functionality not available in core SmartMove for layout management and simulating multiple 
scenarios with ease. The display of results is also captured across a range of widgets to allow 
users to select the outputs most relevant to their decision making. A range of analysis metrics 
are available through these widgets, including: space and resource utilisation (average (mean) 
or current); waiting times (average (mean) or maximum); occupancy of the building or 
specified area; financial costs of construction or operation; and analysis available from the 
SmartMove simulation engine including density, footfall, and people flow. 
 
Verification of the dashboard’s capabilities were performed on an Emergency Department of 
a hospital in the UK. The dashboard was used to analyse the effect of adding additional triage 
rooms to aid the flow of patients, or changing the triage process from the traditional process to 
a Rapid Assess and Treat (RAT) process. The additional triage rooms were set up in an 
additional layout which was overlaid on the original building, allowing the users to efficiently 
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work between them. The change in process was set up within the scenario widget allowing 
ease of manipulation for both processes. Table 4.5 outlines the scenarios modelled with the 
dashboard. 
 
Table 4.5 - Scenarios modelled and analysed 
Scenario Layout Process 
Scenarion1  - Original 
situation 
Original Standard 
Scenario 2 - Additional triage 
rooms 
Two additional walk-in triage 
rooms 
Standard 
Scenario 3 - RAT process Original RAT 
4.3.2.3 The solution 
The outputs of the dashboard are stored within trace files that allow for previous analysis to 
be re-loaded into the dashboard for re-examination separately, or compared with new analysis 
dynamically. This allows modelling to be undertaken by multiple users over a period of time 
to aid the development of a robust solution to a problem. The data produced by the simulation 
can be examined on charts, or exported for further analysis where necessary. Figure 4.10 
displays the results of waiting room occupancy across the three scenarios modelled for the 
Emergency Department. 
 
Of the scenarios modelled using the dashboard, the third scenario, utilising the RAT process 
on the original layout, produced the best results. The time it took to clear the simulation of 
patients and the maximum wait time was reduced by just under 3 hours, while the average 
wait time per patient was also reduced by just under 10 minutes. Table 4.6 details the 
outcomes of the simulations in full. 
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The dashboard provides accessible simulation technologies to designers and hospital 
managers to aid understanding of their facility and predict the impact of changes on the 
facility users. Modifications can be made to the building design, clinical process, number of 
attendees, or a combination of all three and analysed in an environment which is safe for 
patients prior to implementation. The inclusion of financial analysis helps evaluate the 
relationship between the delivery of care and the associated costs, such as staffing or energy 
expenditure. The generalisability of the dashboard through the use of widgets, and through the 
dynamic modelling properties available in Rhino3D allow the dashboard to be adopted by 
multiple facilities. Similarly, the wide range of available analysis ensures the dashboard can 
be used to aid a number of problems, rather than being a problem specific dashboard as seen 
previously in literature. 
 
Figure 4.10 - Figure 4 from Paper 5 showing the change in waiting room occupancy across the simulated 
scenarios 
Full details of the dashboard, including a detailed description of the Emergency Department 
modelled with it, are available in the accompanying conference paper in Appendix E. 
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Table 4.6 - Table 3 from Paper 5 comparing simulated waiting times between each scenario 
Scenario Time to complete 
simulation 
Wait time 
Maximum Average (mean) 
Scenario 1 08:53:47 6hrs 18mins 1hr 7mins 
Scenario 2 08:47:01 5hrs 51mins 1hr 21mins 
Scenario 3 06:02:12 3hrs 22mins 59mins 
4.4 SUMMARY 
This chapter has presented an overview of the research undertaken as part of the wider 
research aims and objectives outlined in Section 1.5. A summary of the key outcomes, and the 
aims they met, are provided in Table 4.7. The published papers that accompany each piece of 
research provide greater details as to how the specific research was conducted and should be 
read in conjunction with this chapter. 
 
Table 4.7 - Summary of research and key outcomes 
Research Key outcomes Sub-Aims met 
Optimising a 
pharmacy 
department 
Evidence-based design can reduce walking distance 
for staff. 
Improved design results in 24% reduction of 
walking time and distance for staff. 
To optimise a 
facility layout for 
efficiency. 
Automating data 
capture 
The cost of capturing data manually can prohibit 
full data collection studies. 
Introduced a new tool for automating data capture 
from video analytics. 
To understand 
facility use. 
Signage 
placement 
recommendations 
Signage placement is performed manually, with 
little use of evidence towards people’s natural paths. 
Introduced a new tool for analysing designs 
efficiently against a number of natural path metrics. 
To optimise a 
facility for the user 
experience. 
Clinic timetable 
planning 
New tool for analysing and examining multiple 
timetabling options, with simulation capabilities to 
explore changing demand and capabilities. 
To optimise 
facility operations 
for throughput. 
3D operations 
modelling 
New dashboard for monitoring existing 
performance and simulating changing demand and 
capabilities linked to the 3D operational space. 
To monitor and 
predict the impact 
of future changes. 
The outcomes of the research have been linked to the needs of the industrial sponsor and 
applied to active engineering projects during the research period. NHS facilities have 
benefitted from the fresh engineering insights and tools produced as a result of this research. 
Optimising hospital designs and processes to improve efficiency and enhance the user 
experience 
80 
This includes the pharmacy facility that increased productivity and reduced construction costs 
through an optimised layout, to the cancer centre that could maximise patient throughput 
based on their daily operations following analysis of several scenarios. More details of the 
results and findings are provided in Chapter 5. 
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5 CONCLUSIONS, RECOMMENDATIONS, AND 
FURTHER RESEARCH 
This chapter draws conclusions from the research presented as partial fulfilment of the EngD 
programme with the CICE at Loughborough University. It outlines the key findings of the 
research and the contribution to knowledge in this thesis and the published papers. The 
implications for industry, in particular the industrial sponsor, are also discussed. A critical 
review of the research is presented, exploring the limitations and constraints of the research. 
Finally, recommendations for industry and academia are offered, alongside areas of potential 
further research. 
5.1 OVERALL CONCLUSION 
This thesis presents the work undertaken as part of the four-year EngD project investigating 
the optimisation of healthcare designs and processes to improve efficiency and enhance the 
user experience. A combination of grounded theory and action research methodological 
approaches were adopted in the undertaking of this research. 
 
Each work package was supported by a review of the appropriate literature to provide 
understanding and a platform on which to build upon. The full literature review is 
summarised in Section 2.5, while the associated research papers in Appendices A to E provide 
additional depth to these reviews. A summary of the research undertaken in each work 
package was presented in Chapter 4, outlining the problem, approach, and solution to each 
research stage. 
 
The overall outputs are a set of computational tools to aid the planning and design of 
healthcare facilities, along with recommendations on their use in the design stage. 
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Recommendations are provided alongside demonstration of their implementation on case 
study projects undertaken in conjunction with the industrial sponsor. 
5.2 KEY FINDINGS 
Table 5.1 provides an overview of the key findings and the associated research paper 
appendix number. 
 
Table 5.1 - Key findings of the research 
Finding Description Related paper 
Evidence based design 
can improve efficiency 
Gathering evidence of how an existing facility 
operates allows for designs which minimise 
walking time and distance for staff. 
Appendix A 
Automated data capture 
tools can be 
generalisable 
Developing tools for automating data capture 
increases the data available and allows more 
time to be spent on optimising solutions. 
Appendix B 
Evidence based signage 
placement 
Producing signage strategies based on where 
people are likely to walk provides signage that 
will be more useful to users. 
Appendix C 
Signage analysis tool Analysing designs to aid the placement of 
signage in areas of use to patients travelling 
through a facility. 
Appendix C 
Measuring navigational 
complexity 
Analysing designs for complexity identifies 
hotspots for signage and aids designing-out 
complexities. 
N/A 
Clinic planning 
analysis tool 
Analysing a range of options for clinic 
timetabling offers clinics the opportunity to 
optimise the patient throughput. 
Appendix D 
Accessible simulation 
for design and 
operations planning 
Providing simulation in an accessible format 
may aid uptake of simulation in making 
operational and design decisions. 
Appendix E 
5.3 IMPLICATIONS FOR INDUSTRY 
The findings are applicable to both the industrial sponsor and the industry as a whole. The 
tools developed provide the industrial sponsor with a unique opportunity to improve the 
design and operation of healthcare facilities for increased efficiency and user experience. The 
clinic planning and 3D simulation dashboards provide benefits to healthcare managers in 
optimising their facility in addition to consultancy options available. The work undertaken by 
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the industrial sponsor in people-centred design is complemented by the findings of this 
research that put the people using a hospital at the heart of the analysis to ensure designs are 
fit for use while balancing the range of metrics upon which the health service is measured. 
 
Although the research has focussed on the implications for NHS estates and operations, the 
findings can be applied to any modern healthcare system that wishes to optimise its facilities. 
The analysis for signage recommendations are based on internationally published research 
into wayfinding and navigation, allowing adoption of a signage recommendation tool 
internationally. Similarly, the balance between automation and experienced input found in the 
automated data capture work allows for adoption in any capacity where video footage is to be 
analysed. 
5.4 CONTRIBUTION TO KNOWLEDGE 
Five academic papers were published during this research, incorporating two journal papers 
and three conference papers. These papers have been included in the appendices of this thesis 
as they present the findings of specific objectives. The key contributions to knowledge made 
by the papers are listed here. 
 
Paper 1 - Using evidence-based design to improve pharmacy department efficiency 
(Appendix A) 
This journal paper presents the case study of the pharmacy department redevelopment 
outlined in Section 4.1.1. The paper details the study and its findings, highlighting the 
advantages of evidence-based design in healthcare facilities and the limitations of accepting 
the beliefs of building users. 
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Paper 2 - Building better healthcare – technologies to facilitate evidence-based design 
(Appendix B) 
This conference paper presents the work on automated data capture, providing an evaluation 
of technologies produced. It highlights the advantages of automating data collection in 
healthcare research, and highlights the use of tools which combine computational autonomy 
with engineering expertise. 
 
Paper 3 - A tool for signage placement recommendation in hospitals based on wayfinding 
metrics (Appendix C) 
This journal paper presents the outcomes of the wayfinding and navigation analysis research, 
culminating in the signage recommendation tool presented in Section 4.1.2. The tool is 
presented with a demonstration case study highlighting the benefits to signage consultancy 
and to users in aiding signage placement. This paper also heavily promoted the advantages of 
computational automation combined with engineering expertise, complimenting the insights 
shown in Paper 2 detailed above. 
 
Paper 4 - Maximising patient throughput using discrete-event simulation (Appendix D) 
This conference paper presents the clinic planning tool research detailed in Section 4.3.1. It 
demonstrates the case study the tool was produced for, along with a detailed review of the 
inputs and simulation parameters. It highlights the need for variance in healthcare simulation 
based on historical data, and demonstrates the results of the simulation for clinic planning 
operations. 
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Paper 5 - Modeling and simulating hospital operations in a 3D environment (Appendix E) 
This conference paper demonstrated a dashboard capable of modelling and simulating 
healthcare facilities on an Emergency Department. It highlights the benefits of providing 
accessible simulation technologies for healthcare managers and designers in producing 
layouts which operate efficiently without negatively impacting patient care. 
 
The primary contributions to innovation and knowledge made by this research can be 
summarised into the following key points. 
• New tools to aid in the capture and analysis of data; analysis and optimisation of 
design; and providing simulating capabilities to facility managers and designers. 
• New insights into the combination of computational efficiency with existing 
engineering expertise. 
• New insights on taking facility users into account during design, promoting people-
centred design through case studies. 
5.5 CRITICAL REVIEW OF THE RESEARCH 
To fully appreciate the impact made, it is necessary to critically evaluate the research 
undertaken to gain an understanding of its effectiveness and recommendations for how else it 
may have been completed. Limitations arose during the course of the research that restricted 
some aspects of it, while a number of opportunities presented themselves that allowed the 
research to flourish. 
 
The research was part of an EngD project working alongside the industrial sponsor. As such, 
the research was able to benefit from close working proximity with experienced engineers 
actively undertaking healthcare design projects. Similarly, the industrial sponsor benefited 
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from the outcomes of the research being applied immediately to projects as they were 
discovered or produced. 
 
Although the research utilised active project case studies in two areas of investigation, notably 
the pharmacy design and clinic planning tool, it lacked active case studies for other areas. 
These relied on past projects undertaken by the industrial sponsor to validate and demonstrate 
effectiveness. This was primarily caused by project scope and deadlines not always marrying 
up with the areas of research under active investigation. For example, a few projects 
undertaken by the industrial sponsor coincided with the requirements for university taught-
element modules, which restricted the ability for the research to aid those live projects where 
deadlines clashed with university modules. 
 
However, the use of past case studies aids in demonstrating the capabilities of the tools, 
highlighting the impact to future projects, and validating measures against existing knowledge 
and outcomes. Therefore, although not all tools were able to impact active NHS facilities 
during this research, their capabilities have been demonstrated to industry in a manner which 
allows them to provide positive impact in future work. 
5.5.1 INDUSTRY ADVANCEMENT 
The research conducted and presented in this thesis was utilised by the industrial sponsor to 
further their understanding and undertaking of engineering projects within the healthcare 
sector. Additionally, other companies have also been progressing their healthcare engineering 
capabilities during the same research period with similar goals to this research. 
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Siemens UK have progressed with visualisation of hospital performance tools, now offering 
their syngo.via package for healthcare professionals. However, a brief review of the publically 
available information does not suggest that this is currently linked to any BIM software, or 
any people flow simulation in the same way as the dashboard presented in Section 4.3.2 is. 
Similarly, Arup have further pursued estate management within their healthcare offering, 
highlighting that capital investment in new buildings is low, and so renovating existing 
facilities is, for the time being, the most economically viable option for the NHS. 
 
Outside the UK, the use of BIM and wayfinding has been explored in Norway, with new 
hospital developments researching the use of mobile applications with indoor mapping to aid 
navigation of patients, visitors, and equipment. Utilising equipment tagging through RFID 
technologies, the Norwegian hospital are aiming to prevent equipment loss and aid navigation 
to facilities across their campus. 
 
Further advancements have been made to the medical equipment used to diagnose, treat, and 
rehabilitate patients that may have impacts on how healthcare facilities are designed in the 
future. Although this research aimed to aid the design and operation of facilities based on 
existing technologies, the theories and applications will be applicable to producing efficient 
designs that integrate with future technology developed by industry and academia. 
5.5.2 MEETING THE AIMS AND OBJECTIVES 
The aims and objectives of the research were set out in Section 1.5, with the primary aim 
being to optimise hospital designs and processes to improve efficiency and enhance the user 
experience. This was divided into five sub-aims, and a number of objectives to meet these. An 
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overview of how each sub-aim was met is given below, with Table 5.2 providing a summary 
of the sub-aims, the related objectives, and how well they were achieved in this research. 
 
Sub-aim 1 – To optimise a facility layout for efficiency 
The first sub-aim of this research was to investigate and optimise a facility layout to improve 
the efficiency for staff working in the facility. The objectives to meet this sub-aim included 
analysing a facility design up for reconstruction, identifying efficiency losses, and working 
with the sponsoring company to produce a design that reduced those efficiency losses. In 
meeting this sub-aim, the research examined the design of a pharmacy department, analysing 
how staff conducted their working days and producing a layout that optimised the adjacencies 
between functions to reduce the walking time and distance in a given day. 
 
The end result of the research aided in the production of a layout which reduced the walking 
time and walking distance by 24%, while also reducing the overall floor-space required for 
the construction of the department. However, this reduction was provided from analysis of 
distances and agent-based simulation comparisons between the existing and proposed layouts. 
A post-occupancy study of the pharmacy department was planned, but was unable to be 
executed prior to the completion of this research project, and so real-term evaluation of the 
building’s improvements on efficiency were unable to be captured. 
 
Sub-aim 2 – To understand facility use 
To optimise facilities for efficiency and experience, it is vital to understand how a facility is 
being used under its existing conditions. This is necessary for optimising a new construction, 
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or making better use of existing resources. A review of the literature showed that data 
collection is an expensive process and that industrial projects do not always have the 
resources to collect all of the necessary data. This sub-aim included the objectives of 
identifying what data would be beneficial to the sponsoring company in healthcare analysis, 
reviewing existing solutions for capturing this data manually and automatically, and 
producing a solution for the industrial sponsor to aid their data collection processes. 
 
The result of the research produced a software tool that can capture a range of data from video 
footage automatically, allowing data related to waiting times, occupancy, and resource 
utilisation, to be extracted easily. The tool was built to analyse footage in a generic setup, 
allowing the tool to be deployed on a range of projects. However, the tool does not capture all 
of the data identified as being of use to a healthcare project. The tool cannot identify different 
people, thus eliminating the ability to track people as they move through a space. This means 
that certain data, such as staff utilisation, or movements of certain resources by certain staff 
types, is unable to be automatically captured. The outcome of this research produced a tool 
which could aid certain types of data collection, but has left scope for further research to 
develop additional methods for cost-effective and usable tracking to support existing methods. 
 
Sub-aim 3 – To optimise a facility for the user experience 
Optimising a facility for the user experience can be a broad research topic, and was therefore 
focussed following the review of the literature on improving wayfinding and navigation. The 
objectives to meet this sub-aim included analysing how people navigate through unknown 
spaces, identifying existing navigational guidance within hospitals, and investigating 
solutions to aid the navigational experience for facility users. Analysing how people navigate 
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through spaces was achieved through the review of literature, and identifying a range of 
metrics which could be incorporated into engineering analysis of floorplans to aid 
navigational effectiveness. 
 
The tool produced to meet this objective allows engineers to analyse several floorplans across 
a range of metrics with ease, providing comprehensive analytics for effective signage 
placement. In addition to signage placement recommendations, a tool was produced to 
provide an overview of navigational complexity utilising a set of centrality measures. 
However, the solution is not capable of automatically combining metrics, rather analysing 
each metric individually. This was determined by the lack of knowledge on how humans 
navigate spaces through combined weighting of metrics. As such, there is scope for further 
research to expand the capabilities of the tool and further aid signage placement. 
 
Sub-aim 4 – To optimise facility operations for throughput 
The process and space interact heavily in the effective operation of a healthcare facility, 
which led to the sub-aim of optimising a facility for layout efficiency (sub-aim 1) and 
operational efficiency (sub-aim 4), measured in patient throughput. The objectives for this 
sub-aim included identifying how process optimisations have been previously  conducted and 
producing an effective timetabling system for a facility to maximise throughput. Analysing 
existing solutions identified many bespoke resources that optimised some aspect of the 
healthcare process for a given case study. However, it was difficult to adapt these solutions to 
a generic position sufficient for use across a range of departments while providing suitable 
analysis for effective timetable planning. 
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A new tool was therefore produced that could simulate different scenarios from a generic set 
of clinic inputs, with options for using given inputs down to the user of the tool at the time of 
planning a timetable. The tool provides the user with a set of analytic results that allow them 
to select the optimal timetable for their clinic, while offering the chance to simulate process 
changes to further optimise the department. The development of this tool was supported by a 
case study from the industrial sponsor, which allowed the tool to be developed according to 
the needs of an outpatient clinic that desired such a tool. However, the tool could be further 
adapted for additional clinic types and more complex patient pathways than those simulated, 
as well as incorporating further data variance for a comprehensive real-world model. 
 
Sub-aim 5 – To monitor and predict the impact of future changes 
The final sub-aim of this research was to link the process and space with the people using 
them. The objectives of this sub-aim were to identify how healthcare operators currently 
monitor their facility and predict the impact on changes to the space, the process, or the 
demand prior to such occurrences taking place. Following such identification, a method of 
providing healthcare managers with tools to aid monitoring and prediction was produced. It 
was found in the literature review that accessible agent-based simulation, in a generalisable 
format for adoption by multiple providers, was lacking. This research produced a new 
dashboard that allowed managers to manipulate their facility in a 3D environment, and 
simulate changes in layout, process, or demand prior to their implementation. 
 
This provides a relatively risk-free analysis of changes without negatively impacting patient 
safety, and allows managers to optimise across a range of options. However, the tool is 
complex with the integrated modelling options provided which may hinder adoption. 
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Similarly, the generalisability of the simulation to apply to a wide range of models may not be 
strictly of benefit to models with bespoke or unique processes or needs. Similarly, there is no 
direct link between the tool and active monitoring capabilities, with monitoring data being 
provided by the user when using the tool. Thus, there is scope for further research to advance 
this tool with active monitoring technology, and a configurable simulation engine. 
Table 5.2 - Summary of how the sub-aims have been met 
Sub-Aim Objectives Summarised Review 
1) To 
optimise a 
facility 
layout for 
efficiency 
• Analyse a facility 
design 
• Identify efficiency 
losses 
• Optimise a design to 
reduce efficiency losses 
The work described of the pharmacy department 
identified how a small facility can suffer large 
efficiency losses through inefficient design. 
The research identified a method of reducing these 
efficiency losses and used simulation techniques to 
demonstrate to stakeholders how the new design 
was beneficial. 
However, the research is not supported by a post-
occupancy study of the pharmacy at this time, 
where further analysis may reveal additional 
efficiency losses that were ‘hidden’ by the 
previous layout. 
2) To 
understand 
facility 
use 
• Identify beneficial 
types of data 
• Review existing data 
capture solutions 
• Produce a solution for 
automated data capture 
The literature review and case study work with the 
industrial sponsor successfully identified a range 
of data which benefit healthcare projects. 
The research identified types of data which can be 
extracted from video analysis with minimal human 
interaction. 
However, there are further data types which may 
be extracted automatically that were not included 
in this research tool. 
3) To 
optimise a 
facility for 
the user 
experience 
• Analyse how people 
navigate spaces 
• Identify navigational 
guidance solutions 
• Produce a solution to 
aid navigational 
engineering 
The literature review provided a full analysis of 
how navigation is undertaken in unfamiliar spaces, 
as well as guidance systems in place for easing 
navigation in hospitals. This research produced a 
new signage recommendation tool, and a tool for 
understanding navigational complexity based on 
spatial layouts. 
However, the tools do not combine metrics in their 
analysis, which may restrict the full usefulness of 
the tools and their application to larger facilities. 
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Sub-Aim Objectives Summarised Review 
4) To 
optimise 
facility 
operations 
for 
throughput 
• Identify existing 
process optimisations 
• Produce a timetabling 
system 
The clinic planning tool produced as part of this 
research provides a generic timetable comparator 
utilising discrete-event simulation. The tool 
accounts for the variance in scheduling caused by 
varying appointment times and patient arrivals. 
However, the tool contains a limited set of clinic 
models which can be analysed, and does not 
include variance in how staff wellbeing or other 
measures may impact a clinic’s operations. 
5) To 
monitor 
and 
predict the 
impact of 
future 
changes 
• Identify how facilities 
are monitored 
• Produce a method of 
prediction changes on 
facility use 
• Produce a method of 
monitoring facility 
usage 
The 3d operations modelling dashboard allows 
managers and engineers to predict the impact of 
changes using agent-based simulation 
technologies. 
However, the link between the dashboard and 
established data and systems was not completed in 
this research, preventing active monitoring and 
prediction from live data and leaving this objective 
incomplete. 
 
5.6 RECOMMENDATIONS AND FURTHER RESEARCH 
The recommendations of this research have been provided to the industrial sponsor in 
seminars and workshops, and to academia through the published papers. A summary of the 
recommendations is given here. 
 
First, it is shown that evidence-based design produces facility layouts that are more optimal 
and efficient than those produced via anecdotal evidence or beliefs. It is therefore 
recommended that any (re)design work has a stage of evidence gathering on which to base an 
optimal layout subject to the requirements of the stakeholders. With the introduction of novel, 
generalisable data capturing technologies presented in this research, it is possible for all 
projects to obtain accurate, up-to-date data with minimal effort. 
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Secondly, it is recommended that greater use of computational capabilities should be adopted 
within the analysis and design of facilities. For example, signage strategies should not be 
developed purely on decision points, or manual analysis of routes which may be time-
consuming and subject to human error. Rather, analysis should utilise computational tools 
combined with experienced engineering judgement to review a wider range of options. 
Similarly, clinic timetables can be better optimised through analysis of multiple scenarios 
prior to selecting the most appropriate. 
 
Finally, providing accessible simulation tools allows engineers, designers, and healthcare 
managers to predict the impact of policy and layout changes on the building users prior to 
implementation. It is commonly seen in other industries, whereby construction of an airport, 
for example, will begin only after a thorough review of the impact on passengers, and this 
people-centred design approach should be adopted more readily into healthcare design. It is 
recommended therefore that stakeholders adopt simulation technologies into their design 
stages using either the tools produced as part of this research, or other tools available to them. 
 
However, there is much work that can be done to continue providing accessible tools and 
practice to healthcare designers that this research has not conducted. First, there is scope for 
tools which can produce a set of optimal building designs, based on inputs from gathered 
evidence or other sources. This may be from artificial intelligence or by preparing a standard 
set of optimal designs for reuse. 
 
Further research is required in how humans navigate unfamiliar spaces, in particular how 
metrics of wayfinding may be combined and weighted to provide a comprehensive analysis of 
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layouts. Additional tools to aid layout analysis may also be of benefit to those in the field of 
wayfinding, making the work of signage consultants easier. 
 
Finally, this research has produced generalisable tools that can be applied to a range of 
scenarios across a variety of projects. This was identified as a constraint to the reuse of 
existing technologies and theories in the literature. However, more can be done to provide 
technologies that are equally powerful in their capabilities, and adaptable in their adoption. 
Further research in enabling these two, often conflicting, requirements to be more compatible 
would be of benefit to all sectors. 
5.7 SUMMARY 
This thesis has presented research undertaken between April 2014 and March 2018, detailing 
a comprehensive review of existing work in Chapter 2, describing the approach and 
methodology in Chapter 3, and specifying the completed work in Chapter 4. Described in this 
chapter are the key findings, limitations, and novelty of the research, alongside a critical 
evaluation reviewing the research process and outputs. The appendices contain copies of the 
published academic papers, along with their relevant bibliography reference. 
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Abstract: 
Using a case study of a pharmacy department rebuild in the South West of England, this paper 
examines the use of evidence based design to improve the efficiency and staff wellbeing with 
a new design. This paper compares three designs, the current design, an anecdotal design and 
an evidence based design to identify how evidence based design can improve efficiency and 
staff wellbeing by reducing walking time and distance. Data was collected from the existing 
building and used to measure the efficiency of the department in its current state. This data 
was then mapped onto an anecdotal design, produced by architects from interviews and 
workshops with the end-users, and an evidence based design, produced by highlighting 
functions with high adjacencies. This changed the view on the working processes within the 
department, shifting away from a focus on the existing robotic dispensing system. Using 
evidence based design was found to decrease the walking time and distance for staff by 24%, 
as opposed to the anecdotal design which increased these parameters by 9%, and is predicted 
to save the department 248 minutes across two days in staff time spent walking. 
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1 INTRODUCTION 
The National Health Service (NHS) of Great Britain is facing tough challenges to provide an 
effective and efficient healthcare service as changing demographics put different pressures 
upon the health service (Department of Health, 2013). Much work has been done in academia 
and industry to provide solutions for improved efficiency in healthcare departments such as 
surgery theatres (Dexter & Epstein, 2009; Marcario, 2006), emergency departments 
(Bernstein et al., 2009; Gunal & Pidd, 2006), nursing units (Burgio, Engel, Hawkins, 
McCormick, & Scheve, 1990; Furåker, 2009; Hendrich, Chow, Skierczynski, & Lu, 2008; 
Trites & Galbraith, 1970) and pharmacy departments (Maviglia et al., 2007; Mukherjee, 1991; 
Reynolds et al., 2011). 
 
Pharmacy departments typically receive less focus in healthcare research as a large portion of 
the focus is placed upon the patient, with numerous studies having been conducted to observe 
how patients view their healthcare service and the waiting times involved (Booth, Harrison, 
Gardener, & Gray, 1992; Fornara, Bonaiuto, & Bonnes, 2006; Rhee & Bird, 1996; Ridic, 
Gleason, & Ridic, 2012; Thompson, Yarnold, Williams, & Adams, 1996). Pharmacy 
departments tend to be overlooked as they typically do not deal with patients directly. Rather, 
they are service systems with complex processes (Reynolds et al., 2011) in handling and 
dispensing drugs (prescriptions) and, when embedded within a hospital, may only dispense to 
wards and not the patients themselves. Likewise, few studies look at the effect of building 
design on staff, preferring instead to see how the design may (indirectly, through staff 
performance) ultimately affect patient care, though some research has been conducted which 
highlights the positive outcomes for staff as well (Guenther & Hall, 2007; Sadler, Dubose, & 
Zimring, 2008). 
 
The productivity and efficiency of a Pharmacy Department is typically measured using broad 
metrics that are poorly, if at all, specified (Gupta et al., 2007; Naseman, Lopez, Forrey, 
Weber, & Kipp, 2015). Examples of these include measuring routine pharmaceutical activities 
such as the number of prescriptions filled. Although previous research has focused on a 
productivity model for pharmacy departments (Naseman et al., 2015), or linked the hospital 
size to pharmacy productivity (Gupta et al., 2007), few studies have looked at how the design 
impacts on walking distances of staff and resultant efficiency. 
 
In addition to pressures being placed on the NHS through growing patient demand and 
changing demography, the UK government has put additional pressure on health services with 
new and changing policies. In 2009, the NHS was set a target of finding £20bn of efficiency 
savings by 2015 (Nicholson, 2009). This was updated in 2015 in an interim report on NHS 
operational productivity that outlined ways to save £5bn per annum (Coles, 2015). These 
efficiency drives have resulted in the NHS looking to make the most of the estates they have 
to ensure efficiency is at its peak. This paper uses the case study of a large hospital estate in 
the South-West of England where the pharmacy department has been scheduled for 
demolition and there is an aspiration from the estate directors to ensure the new-build design 
allows for the most efficient process for pharmaceutical dispensing and improved staff 
wellbeing. Employing similar techniques used to measure and reduce the distance walked by 
staff to improve the design of patient wards (Burgio et al., 1990; Furåker, 2009; Hendrich et 
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al., 2008; Shepley, 2002; Trites & Galbraith, 1970; Westbrook, Duffield, Li, & Creswick, 
2011) and a pharmacy department layout (McDowell & Huang, 2012), this study presents the 
findings of an evidence based approach to assist decision makers in delivering the most 
efficient design for the new pharmacy building. 
2 THE PROBLEM 
The pharmacy department for this hospital has been adapted over the years to include new 
technologies to optimise the pharmaceutical process, the most notable of which is the 
introduction of robotic dispensing. As a result, many of the processes undertaken within the 
department have evolved around the use of the robot and the layout is potentially no longer 
optimal for the work of the teams. Figure 1 shows the current design and layout of the 
department, with a clear division between the two key staffing teams (split into the Stores 
Team and Dispensary Team). 
 
Figure 1 - Existing Pharmacy design (left) and distance map from the deliveries door (right) 
 
Figure 2 - Task areas for Stores staff 
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Figure 3 - Task areas for Dispensary staff 
The estate directors, along with those working in the department, reported that there were 
some large inefficiencies in the way the Stores team were working as a result of the evolved 
processes following the introduction of the robot. The process undertaken by Stores staff is 
distributed across key areas around the department (as seen in figure 2), while the work 
process for Dispensary staff focuses primarily in the Main Dispensary area with occasional 
tasks in the stores room (as seen in figure 3). The division between the two staffing teams is 
clearly visible, with the Dispensary team dominating the left sections and the Stores team 
dominating the right. However, following the introduction of the robot, these divisions have 
become less pronounced, with the Stores Team branching out further into the Dispensary area 
to achieve their tasks. 
3 METHOD 
In order to understand the current operations, processes and activities in the pharmacy 
department, data capture of the staff movements was necessary. Due to the ongoing 
operations of the Pharmacy, the days which the researchers were permitted to observe were 
restricted. Two days of the week highlighted as being ‘busy’ by the Stores manager were 
selected for observations of the department. This allowed the researchers to gather the 
maximum amount of data possible working within the restrictions and with minimal intrusion 
to limit disruption to the department. The use of action research through observations was 
selected as the most useful method as it allowed the researchers to gain a better understanding 
of the processes of the department which may have been oversimplified if interviews or 
questionnaires had been used (Maiden & Rugg, 1996; Paetsch, Eberlein, & Maurer, 2003). 
Interviews or questionnaires may also have produced idealised versions of the tasks 
undertaken from the staff involved which may have skewed the results of the study. As the 
results of this study were intended to have a real-world purpose in the optimisation of the 
pharmacy department, accurate data obtained by the researchers first-hand was deemed to be 
most appropriate for the analysis rather than the potentially idealised or incomplete versions 
gathered from staff perceptions. 
 
The team set up five video cameras to record the movements of staff in key areas of the 
department (figure 4) over the course of two days, a Monday and a Wednesday. Monday was 
highlighted as a busy day by the Stores manager, it being the day when the majority of bulk 
deliveries arrived for sorting, with Wednesday having a large number of smaller deliveries 
spread throughout the day. The cameras were synchronised time-wise through the use of a 
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mobile phone time set by satellite. Further time calibrations were made following video 
analysis to ensure events were noted in the order they occurred. 
 
Figure 4 – Camera Locations 
Staff members were requested (and consented) to wear coloured sashes to identify which team 
they belonged to. Blue sashes were allocated to the Stores Team while the Dispensary Team 
were left un-sashed as they were more likely to interact with patients, and the department 
wished to control infection spreading through interactions and for the staff to remain 
professionally attired at all times. Red sashes were given to the Aseptic Team which operates 
from the rear of the department but share common walk-ways with the teams being 
investigated, so it was key to distinguish them from the un-sashed Dispensary team. 
 
Figure 5 – View of camera 1 
Anonymity of staff during the study was ensured through careful control of the video 
recordings made across the two days. Staff were informed prior to the beginning of the study 
that data collected would be anonymised during analysis and reports. Only members of the 
project team had access to the video equipment and footage. Following completion of each 
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day’s recording, the footage was transferred to a secure external hard drive and erased from 
the camera storage systems. This external hard drive was then secured in a locked cabinet to 
which only members of the research team had access. In reports made to the Trust following 
the completion of the project, where still imagery was taken from the footage to aid 
understanding, participants’ defining features were blurred to prevent identification. During 
analysis of the footage, anonymous staff ids were used to prevent staff being named within 
data capture logs. On completion of the study all footage was deleted from the external hard 
drive. 
 
Staff were allowed to go about their daily duties unhindered, with cameras being placed as out 
of the way as possible to minimise disruption to the department. Staff were briefed as to the 
presence of researchers in their morning ‘huddle’ and interaction between the researchers and 
staff was limited to discussions with the Stores manager at the end of each observation day. 
The researchers worked in rotational shifts observing around the department, taking detailed 
notes to help their understanding of the processes observed, but ensured they never blocked or 
hindered access to pharmacy functions for the staff members. 
 
The videos were analysed manually by the research team and the movements of each staff 
member were noted from which a frequency analysis was created (figure 6). The distance 
between each function is shown in figure 7. Each staff member was uniquely identified by the 
research team during video analysis allowing for their movements for the day to be tracked 
which gave the causal movements for each member of staff. Using this raw data, a simulation 
model was produced using BuroHappold’s 3D agent-based simulator SmartMove, replaying 
the two days’ events for analysis. Using an approximation from the videos, an average 
walking speed of 0.8m/s was identified for staff which, when combined with the frequency 
matrices and distance matrices, led to the total amount of time staff spent walking around the 
pharmacy department (table 1). As anonymity and privacy of the staff was a concern during 
the study, the distances and times shown are aggregates for all staff in the teams. 
 
Figure 6 – Frequency of movements across both days 
 
Figure 7 – Distance between functions (meters) 
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4 RESULTS 
From the video analysis, 1494 movements between functions were recorded on the first day 
and 1984 on the second (totalling 3478 movements across both days). From this, the 
researchers were able to draw conclusions as to which pairs of functions were closely related 
with respect to the process of tasks. It was found that there were strong process relationships 
between Store related functions and functions primarily believed to be used most by the 
Dispensary team. The frequency matrix highlighted that a large proportion of staff movements 
were made between the ward boxes and key robot functions, and between the unpacking 
location with key store functions. 
 
Prior to the data collection phase of the study, it was the belief of the stakeholders that the 
main inefficiency was caused by the location of the robot, situated in the heart of the 
Dispensary areas. It was felt that the robot should serve as an interface between the Stores 
team and the Dispensary team and, as such, an initial design was produced by the architects 
(figure 8) which placed the robot as the central function. This anecdotal design was produced 
following the architects’ discussions with the Trust and the heads of both the Stores and 
Dispensary Teams, where processes directly associated with the robot were reported as a 
central part of the work of both teams, which were conveyed and implemented into the 
anecdotal design. This design was analysed by the researchers using the data collected from 
the existing layout to predict the differences in walking time, walking distance and resulting 
efficiency (table 1). 
 
Figure 8 – Initial Design based on anecdotal evidence from staff and stakeholders 
Although the design was smaller in total area (reduced by 29.5m2) the predicted distance and 
time spent walking by the staff increased by 9%. While the design achieved potential 
monetary savings from a smaller floor area, there was a predicted increase in non-productive 
time by the Stores team undertaking their tasks, outweighing the decrease in non-productive 
time attributed to the Dispensary team. As seen in table 1, the total walking distances and 
walking time across all staff was measured to have increased in this anecdotal design. 
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Figure 9 – Evidence based design following study 
 
Figure 10 – Stores work area in the proposed design 
 
Figure 11 – Dispensary work area in the proposed design 
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Table 1 – Differences between existing design and both proposed designs 
 Existing building Anecdotal design Evidence based 
design 
Floor area 807m2 777m2 484m2 
Average distance 
between functions 
19m 18m 14m 
Monday (all staff) 
walking distance 
21,117m 24,386m 15,872m 
Monday (Stores 
team) walking 
distance 
845m avg 975 m avg 635m avg 
Monday (Dispensary 
team) walking 
distance 
14,755m 18,661m 11,077m 
Wednesday (all staff) 
walking distance 
1230m avg 1555m avg 923m avg 
Wednesday (Stores 
team) walking 
distance 
6,362m 5,725m 4,795m 
Wednesday 
(Dispensary team) 
walking distance 
489m avg 440m avg 369m avg 
Monday (all staff) 
walking time 
28,800m 30,028m 22,116m 
Monday (Stores 
team) walking time 
1067m avg 1112m avg 819m avg 
Monday (Dispensary 
team) walking time 
16,909m 19,803m 12,773m 
Wednesday (all staff) 
walking time 
1409m avg 1650m avg 1064m avg 
Wednesday (Stores 
team) walking time 
11,891m 10,225m 9,342m 
Wednesday 
(Dispensary team) 
walking time 
793m avg 682m avg 623m avg 
Following a discussion of the findings with the Trust responsible for the pharmacy and the 
architects, highlighting the observed interface and movements of staff between functions in 
the Stores area and those which were believed to be used most by the Dispensary team, a new 
design was developed (see figure 9). Examples of pairs of functions which were found to have 
a high frequency of movement between them include the pull out shelves and store terminals, 
and between the pigeon holes and store terminals. This new design places pairs of functions 
which had a high frequency of movements between them closer together, such as the 
unpacking area with the second set of store terminals. To create a stronger interface between 
the Stores and Dispensary working areas, the robot was moved away from its centralised 
position while still allowing Dispensary terminal access and closer access to the back of the 
robot for the Stores team. In this design, 65% of functions have been moved closer together, 
of which they are 11m on average closer together. 
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The analysis of this design (results in table 1) showed a reduction in the walking time and 
distance by 24% for both the Stores staff and Dispensary staff. Dynamic simulation, using 
SmartMove, of the staff activities was used to verify the predictions and confirmed that tasks 
would be completed in three quarters of the time it takes in the existing design. 
5 CONCLUSION 
This study has demonstrated the use of an evidence based approach to optimise proposed 
healthcare facility designs for key aspects of efficiency and wellbeing. It has highlighted the 
dangers of anecdotal designs based on perceptions without evidence. In this case study, the 
anecdotal design had a predicted increase in walking time and distance of 9% by placing the 
robot as the central focus, pushing functions with high adjacencies further apart. The evidence 
based design has predicted a decrease of 24% in walking time and distance for staff, bringing 
commonly linked functions (such as the store terminals and pull out shelves) closer together. 
238 minutes are predicted as being saved across the two days analysed in the evidence based 
design, as opposed to an increase of 194 minutes in the anecdotal design. It is proposed that 
these efficiency gains will also improve staff morale as well, by reducing fatigue over the 
busiest days in the pharmacy department. The differences between the three designs are 
shown in table 1. 
6 DISCUSSION 
By obtaining evidence of the current situation in the pharmacy department, recommendations 
were able to be made with regards to the design of the new building. This paper has shown the 
process taken and the improvements made between the three designs (table 1). Predicted key 
gains for the pharmacy department include the reduction in ‘wasted’ time spent walking 
between tasks, reduced from 49,917m in the existing layout to 37,988m in the proposed 
layout across the two days analysed, saving just under 12km across all staff in walking 
distance. This equates to an approximate saving of 248 minutes. The majority of these savings 
are attributed to the Stores team who are currently the ones making lengthy journeys to 
functions currently housed in the Dispensary area. While the anecdotal design made 
improvements for the Dispensary staff, the evidence based design makes improvements for all 
staff members, reducing the walking distance by approximately 457.36m across all staff 
members over the two days recorded. 
 
The use of video analysis helped inform the estate directors and pharmacy managers how 
their department was operating, shifting focus from the robotic dispensary equipment towards 
a more integrated layout between the Stores team and Dispensary team. It highlighted how 
even managers who work alongside their teams may not fully appreciate the working 
processes undertaken by their teams. This was highlighted best with the use of action research 
by the team collecting the data and analysing it with an outsider’s viewpoint. This also 
allowed efficiency gains to be made before the new building design was finalised as, without 
this evidence based work, the Trust may have opted for the anecdotal layout, without realising 
the downsides of this. 
 
The use of evidence based design in healthcare buildings should prove an asset to trusts 
wishing to make the best use of their space at minimal cost, however, gathering the evidence 
can take a lot of work. The video analysis gave the team the best data available with minimal 
Optimising hospital designs and processes to improve efficiency and enhance the user 
experience 
118 
intrusion to the department. Interviews and questionnaires would have been cheaper and 
quicker methods of data collection, but the reliability of the data may have been 
compromised. The order in which staff conduct tasks over a working day may not be 
accurately remembered by the staff member being interviewed, and the number of trips 
between functions would be difficult to obtain. Other techniques considered by the team 
included the use of RFID tagging the staff members which was used to great effect in 
recording the movement of NICU nurses (Greenwood, Sharma, & Johansson, 2015), but it 
was decided that the size and scope of this project did not warrant the extra cost of the RFID 
equipment. Perhaps if the study had been conducted over a longer time-frame then RFID 
tagging would have been beneficial. 
 
The video analysis used in this study was the biggest time factor for the researchers as this 
was done manually over the course of several days. Further work branching from this study 
could be to develop techniques for automating the data capture process where video analysis 
is deemed to be the best course of action. Although such techniques were utilised in analysis 
of nursing home observations (Hauptmann et al., 2004), they were limited in uses outside of 
that study due to the computer vision tools being specifically trained for the purposes of that 
study. 
 
At the time of writing up this study, the new Pharmacy Department is in the process of being 
constructed. Once construction is complete and the building has been used for a period (to 
account for the potential “honeymoon effect”), a post-occupancy study would be worthwhile 
to understand the actual benefits of the evidence based design versus the predicted benefits. 
7 LIMITATIONS 
One of the biggest limitations of this study is the human element in observing the pharmacy 
staff going about their work. There have been numerous studies conducted on the effect that 
the feeling of being observed can have on the actions of humans (Bateson, Nettle, & Roberts, 
2006; Burnham & Hare, 2007; Ernest-Jones, Nettle, & Bateson, 2011). The feeling of being 
watched experienced by the pharmacy staff was limited by the use of video cameras, 
however, it should be noted that the possibility of the staff altering how they underwent their 
tasks may have occurred. The research team tried to account for this by ensuring the video 
cameras were kept out of the way and the team themselves remained hidden and unobtrusive, 
to allow the pharmacy staff to relax and continue their normal working procedures. Selecting 
the two busiest days for analysis kept the pharmacy staff busy dealing with deliveries, 
diverting attention from the observations. 
 
This research did not specifically focus on and process the effect of efficiency on individual 
staff. The negative outcomes of excessive walking, such as lowered cognitive function and 
fatigue, may be mitigated with the proposed, evidence based, design, potentially increasing 
staff wellbeing and reducing the chance of fatigue induced mistakes. These potential benefits, 
though implied through the research, were not explored as they were out of scope of the 
original research purpose. However, it is recommended that further research should explore 
the effect of the reduced walking distances in the proposed design on the individual staff 
members following a post-occupancy study. 
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The floor area between the existing design and the evidence based design is a reduction of 
322.8m2 which may be a contributing factor to the reduction in the distance between 
functions. However, the findings suggest that the use of evidence based design to highlight 
which functions should be closer together helped reduce this floor area by removing the split 
of functions in Stores area and Dispensary area, thus reducing the amount of space needed to 
house all of the functionality of the pharmacy department. 
 
Due to the nature of the Pharmacy’s workings, the research team were restricted to only being 
able to observe the work processes over a two-day period. It is also the nature of industrial 
projects which move along at a faster pace than academia would like, which put additional 
time-constraints on the research project’s completion. Due to these restrictions the research 
team opted to observe on the busiest working days (as defined by the Stores manager) to 
allow for a ‘worst case’ scenario to be identified and analysed. 
 
Finally, the efficiency gains highlighted by this paper were produced based on real data from 
the existing building and simulated on the proposed design, rather than seen occurring in 
person. While the data are as accurate as possible and provide reliable representation of staff 
movements, some movements may have been missed either through bad camera placement 
not picking up certain areas of the stores, or through human error in the data collection. It 
should be noted that the efficiency gains reported for the proposed design relies on the 
processes of the staff remaining the same. Similarly any additions or advancements in 
technology within the department may also impact on the efficiency gains of the proposed 
design. The data collection period only lasted two days which were highlighted to be 
particularly busy with deliveries. As such, quieter days may see less of an improvement than 
that reported, but with 65% of functions now being closer together, even quiet days should 
see some improvement in efficiency. 
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APPENDIX B BUILDING BETTER HEALTHCARE – 
TECHNOLOGIES TO FACILITATE EVIDENCE-
BASED DESIGN 
Full Reference: 
Greenroyd, F.L., Hayward, R. and Sharma, S., 2016. Building better healthcare–technologies 
to facilitate evidence-based design processes. In: European Healthcare Design Conference. 
London: Salus. 
 
Abstract: 
Hospitals are complex environments with many interdependent processes and departments. 
They face challenges such as long waiting times, underutilised or overutilised spaces, 
confusing layouts and poor adjacencies leading to increased walking distances. Hospital 
designs should be optimised for efficiency and patient and staff experience, with legible 
layouts for enhanced wayfinding, appropriate sized waiting areas and number of clinical 
spaces and optimised adjacencies. 
 
An appreciation for the interaction between spatial layout, staff and patient behaviours and 
operational processes is key to producing an optimised design. A thorough understanding of 
the activities and behaviours within a hospital, such as patient arrival profiles, dwell/waiting 
times and staff movements, is gained through analysis of real data. Using such data in an 
evidence based approach to design and operational processes is being successfully applied to 
optimise efficiency and enhance patient experience and to facilitate a more efficient design 
process. Key to this approach is reliable, accurate and sufficient data. 
 
This paper presents a review of case studies which utilise various data collection techniques in 
the field of healthcare facility design, including: manual collection techniques, RFID tagging 
and real-time sensing technology. From this review, two new tools are presented to aid 
automated data collection in healthcare design projects. This allows evidence to be gathered 
early within the project lifecycle enabling the use of evidence based design principles 
throughout. The outcomes of this approach will help ensure healthcare designs are optimal for 
the community they serve, enhancing patient experience and potentially increasing the 
efficiency of the facility in the process. 
 
Paper type: 
Conference paper 
 
Authors’ contributions: 
Greenroyd F. developed the tools presented in this paper, the literature search, and the 
drafting of this paper. Greenroyd F. and Hayward R. presented this paper at the European 
Healthcare Design conference. Hayward R. and Sharma S. contributed to the industrial design 
and relevance of the project and drafting of this paper.  
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1 INTRODUCTION 
Healthcare estates in the National Health Service (NHS) of Great Britain are facing increasing 
pressure to provide effective care while making substantial cost savings. Changing 
demographics are putting various pressures upon the health service (Department of Health 
2013) while the UK government aims to make efficiency savings of £5bn per year by 
removing unwarranted variations between healthcare providers (Coles 2016). Of this £5bn, it 
has been proposed that £1bn per annum can be saved through better estates and facilities 
management. This includes, for example, instead of funding the development of new, 
additional spaces, driving the more efficient use of existing facilities. 
 
Improving the efficiency of various hospital departments has been the source of much work in 
academia and industry, including emergency departments (Gunal & Pidd 2006; Bernstein et 
al. 2009), surgery theatres (Marcario 2006; Dexter & Epstein 2009), pharmacy departments 
(Greenroyd et al. 2016; Reynolds et al. 2011; Mukherjee 1991; Maviglia et al. 2007) and 
nursing units (Burgio et al. 1990; Hendrich et al. 2008; Furåker 2009). A key theme of all 
these case studies and research projects is the capture and use of existing data to make 
informed decisions, provide recommendations and implement design changes or operational 
practices that improve the performance of the department in some way. 
 
Figure 1 – Comparison of design options using anecdotal evidence (option 1) and data-based evidence 
(option 2) (Greenroyd et al. 2016) 
An early goal of any project should be to obtain reliable data on which to base and justify the 
project’s recommendations and findings, or form the basis of design (Lethbridge et al. 2005), 
but this can be a long and arduous task. In healthcare environments, ethical concerns may 
prohibit certain data collection techniques such as surveys and observations. In particular, 
there is the need to maintain patient confidentiality and privacy. It can also be difficult to 
obtain data from staff members, for example through interviews, where the act may disrupt 
the level of patient care being provided. 
 
There are several well established methods used for data collection from questionnaires and 
work diaries (Burgio et al. 1990; Sun et al. 2000; Chang et al. 2006; Ridic et al. 2012; 
Anderson et al. 2007; Olson & Windish 2010), to the use of observations of the current 
processes (Greenroyd et al. 2016; Mackenzie & Xiao 2003). The use of work diaries and 
questionnaires allows for large amounts of data to be collected with minimal effort from the 
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researchers, however, this data may be biased (intentionally or unintentionally), incomplete or 
oversimplified (Paetsch et al. 2003; Maiden & Rugg 1996). 
 
Observations allow researchers to see first-hand the processes which are being undertaken in 
tasks, removing the possibility that the task description may be oversimplified. However, they 
may require the use of trained observers to record the data accurately, which can place 
additional cost on a project (Mackenzie & Xiao 2003). It may also be difficult to get the 
participants to agree to being observed (Weinger et al. 2004) Participants may also behave 
differently under observation (Bateson et al. 2006; Burnham & Hare 2007; Ernest-Jones et al. 
2011), providing the researchers with an inaccurate account of the processes and tasks. 
 
Some of these challenges can be overcome through the use of video recording and analysis as 
a replacement for direct observation. The use of video capture removes the need for a trained 
observer to be present and may be easier to accommodate than an additional person. For 
example, surgical theatres may not be the ideal setting for an additional non-medical person 
observing events, whereas video recording systems can be mounted to ceilings and walls out 
of the way, for analysis at a later stage. The use of video analysis can also highlight 
interactions which may not be captured through traditional methods (Iedema et al. 2007; Luff 
et al. 2000), with video recordings being available for analysis multiple times thus capturing 
more of the data available. 
 
However, the use of video recording often requires consent and may not always be beneficial 
or appropriate, particularly in places of patient care such as consulting rooms where patient 
information may be discussed. In these instances, methods such as interviews and 
questionnaires may be more applicable as they offer greater anonymity to participants than 
video recording. 
 
RFID tagging has been used to great effect in tracking hospital staff (Greenwood et al. 2015; 
Hendrich et al. 2008), patients (Hosaka 2004) and equipment (Wicks et al. 2006). However, 
the equipment required to make use of RFID tagging can be expensive (Wicks et al. 2006; 
Hosaka 2004) and may prohibit its use in certain projects where budgets may be tight. 
 
The use of data capturing methods, such as questionnaires and interviews, are appropriate for 
gathering qualitative data in healthcare, such as perceptions of the quality of care patients 
have received; perception of waiting times and perceptions of physicians. These methods have 
been used in numerous studies relating to quality of care (Ridic et al. 2012; Anderson et al. 
2007; Chang et al. 2006; Camacho et al. 2006). However, for research into improving the 
efficiency or effectiveness of a healthcare facility, these methods are not particularly 
effective. 
 
A recent example of this is demonstrated in a case study by Greenroyd et al. (2016), where 
two designs of a Pharmacy department were evaluated for operational productivity of 
pharmacy staff following a data collection exercise that identified the working patterns in the 
existing facility. The first design option was produced following a series of workshops and 
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interviews with pharmacy staff and was compared with the existing building using the metric 
of walking distance and time spent walking over a working day. It was found that this design, 
produced from anecdotal evidence, had a predicted 9% decrease in operational productivity. 
A second design option was produced following data extraction from video observations to 
identify common adjacencies between functions.  Subsequent analysis of the second design 
option indicated a predicted 24% increase in operational productivity. 
 
The study presented by Greenroyd et al. (2016) gives an insight into the benefits of using 
quantitative data to form a basis for design over anecdotal evidence of existing processes and 
inefficiencies. However, gathering this evidence can take vast amounts of time, with video 
analysis taking many days to complete manually. 
 
Time costs associated with data collection may be a contributing factor to the continued use of 
anecdotal evidence over data-based evidence in design projects. As technology costs have 
decreased, using technology such as video analysis or RFID tagging is becoming a more 
feasible method of gathering hospital utilisation data. This paper introduces two new 
technology based tools for gathering reliable quantitative evidence to inform design projects 
and operational decisions for new and existing healthcare facilities. 
2 TOOL 1 – SMARTCOUNTER3D 
SmartCounter3D, is a high-level occupancy capturing device measuring current occupancy, as 
well as flow rates entering and exiting a space. This tool utilises the Microsoft Kinect® 
camera for desktop use to capture people movement across an entrance-way. The tool utilises 
toolkits for 3D people detection available in the Microsoft Kinect® Software Development 
Kit (SDK) combined with image processing techniques to filter noise and prevent inanimate 
objects being transported and classed as additional people entering the space. As people enter 
the Kinect® camera’s field of vision they are detected and tracked until they leave the field of 
vision. 
 
A crossing completed by one person (a crossing being defined as a person entering the field of 
vision from one side and exiting it from the other) increments a counter that tracks the number 
of people that have moved in a given direction (either to the left or to the right). These counts 
provide information regarding how many people have entered a space and how many have 
exited. The difference between these two counts provides the current occupancy of the space 
at that moment. In addition to this, the route of the crossing is also captured highlighting 
interactions and conflicts between in-flows and out-flows. Figure 2 illustrates how this works. 
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Figure 2 – Diagrammatic illustration of SmartCounter3D 
SmartCounter3D can be set up above the entrance-way or access point to a space, out of the 
way of pedestrian traffic, to monitor the movement. This allows data to be collected 
unobtrusively and, once installed, can be left to capture long-term flow trends and occupancy 
changes. The data provided by this tool allows an analysis of occupancy over time, as well as 
the peak flow rates coming in and going out of the space. Figure 3 shows an example graph 
produced using flow data from the SmartCounter3D tool. 
 
Figure 3 – Example flow output for SmartCounter3D 
The application of SmartCounter3D can be varied and can provide information on how often 
a space is used and at what times. Long term analysis can be used to inform when the peak 
periods are or when the best time to close a space for maintenance might be, or what the 
impact of such an action might be. In areas with multiple entrances or exits, multiple Kinect® 
cameras can be set up to work in parallel to capture the data of each entrance-way. This can 
provide additional information such as which entrance-ways experience greater flows, aiding 
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information on the impact of closing certain access points. However, the data collected is 
limited to solely occupancy and flow rates. It is currently unable to provide dwell time data 
when the occupancy exceeds one, utilisation data for specific activities, or identify 
individuals. However, SmartCounter3D could be extended in the future to incorporate 
additional computer vision algorithms that would allow for the detection of staff members and 
provide separate analysis on their flows compared with patient flows. 
3 TOOL 3 – SMARTCOUNTER 
SmartCounter is an automated video analytics tool for capturing occupancy levels, activity 
utilisation and dwelling times. SmartCounter utilises video processing technologies found in 
the OpenCV libraries that allow for the processing and analysis of video footage. Unlike 
SmartCounter3D, which analyses the total movements in and out of a space, SmartCounter is 
capable of analysing several specific areas within its field of view defined by the user. This 
allows SmartCounter to provide occupancy data for specific activities, for example, within 
waiting areas, where the occupancy of each individual seat can be recorded. 
 
SmartCounter can analyse video footage from a variety of options including CCTV feeds, 
camera phones, or home video camcorders. The video footage is analysed using regions of 
interest which are created during the analysis phase by the researcher, ensuring analysis is 
focused only on the target areas. This removes some of the restrictions on camera placement 
for capturing data, allowing the researcher to choose the optimum camera location for their 
given task, for example, at a safe location away from circulation routes. Figure 4 shows 
regions of interest being drawn in a hospital waiting area. Alternatively, a region may be 
drawn around a self-service check in point, and SmartCounter would be able to inform how 
utilised that check in point is over the course of a given time period. 
4 ADVANTAGES OF THESE TOOLS 
These tools allow researchers, designers and consultants to capture movement data, 
occupancies, dwell times and utilisation figures for a range of scenarios. This data enables a 
clear, detailed analysis and understanding of the current situation in a facility. Rather than 
being reliant on anecdotal descriptions of how full a waiting area may be, the use of these 
tools provides evidence on actual waiting room occupancy with minimal effort. 
 
Both tools can be installed and operated with minimal interference to the operations of the 
healthcare facility being investigated, and provide meaningful data without requiring 
researchers to be present. Where cameras are used to record situations, the analysis of footage 
can take significant amounts of time when done manually. These tools perform that analysis 
automatically, saving research time that can be better spent on working with the data to 
optimise the design. Table 1 compares the results of analysing waiting room footage to obtain 
occupancy levels using SmartCounter against a manual analysis. 
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Figure 4 – Regions of interest for a waiting are with occupancy graph 
Table 1 – Speed test results comparing SmartCounter to manual analysis 
Video 
Length 
Regions of 
interest 
Time to 
analyse 
(manual) 
Time to 
analyse 
(automated) 
Samples 
collected 
(manual) 
Samples 
collects 
(automated) 
50 mins 1 35 minutes 27 seconds 50 3000 
60 mins 18 20 minutes 2 minutes 1 
second 
12 3600 
The level of detail in the data provided by both tools also exceeds that available from 
reasonable manual observations. Manual observations may be conducted using activity 
sampling, a method of capturing data without the overheads of continuous observation. 
Developed in 1927 by L. H. C. Tippet (Kelly 1964), activity sampling allows researchers to 
capture a subset of observations (the samples) and apply statistical calculations to infer the 
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total activity usage. The greater the number of samples the researcher is able to record, the 
greater confidence a researcher can have in the data captured (Robinson 2010). 
 
Unlike activity sampling, SmartCounter3D and SmartCounter both provide continuous 
analysis. SmartCounter3D records the people flows for as long as the equipment is installed at 
a resolution of 30 frames per second, providing analysis at an approximate rate of one sample 
every 0.03 seconds. SmartCounter has the capability of providing analysis for every frame in 
a recorded video, with the framerate being dependent on the video quality that is used. This 
provides an in-depth understanding of the current situation within the facility being 
researched, allowing for better informed judgements to be made. 
5 DISCUSSION 
The use of data in the design and operation of healthcare facilities plays an important role in 
ensuring hospitals continue to provide effective and efficient care while meeting cost-saving 
measures. However, gathering this data can be costly both in terms of the time it takes and the 
equipment required. SmartCounter3D and SmartCounter have been developed to cover a wide 
range of data capturing aspects in a cost effective manner. SmartCounter3D, whose biggest 
cost is that of a Kinect® camera, can be set up out of the way with ease and left to monitor 
continuous people flows and occupancy levels of spaces, without the need for someone 
monitoring the space manually. Similarly, SmartCounter can be used to analyse video footage 
from a variety of sources, meaning set up costs are limited to that of video camcorders if other 
footage, such as CCTV, is not available. 
 
The use of computing power to analyse the existing situation of a healthcare facility allows 
for a greater number of data points to be collected through the use of continuous observations 
as opposed to those produced manually. However, this does not mean that the use of 
automated data capture techniques is completely without drawbacks. The majority of the time 
savings associated with these tools comes from the speed with which the tools conduct the 
analysis on footage which has been captured. However, this footage still takes time to capture. 
If there is a desire to understand how waiting room occupancy fluctuates over a week, there 
will still be a need to record a week’s worth of footage to analyse. Similarly, SmartCounter3D 
captures the flows in real time, meaning it would take a week to capture such data. 
 
The amount of time required therefore to capture enough data to provide effective design or 
operational recommendations should be carefully considered when beginning a project. 
However, depending on the nature of the project, the time required to capture data for analysis 
does not necessarily require a halt in the research, rather, the use of the tools presented in this 
paper grant researchers the freedom to explore other avenues where automated technologies 
may not be appropriate. For example, a study into waiting area occupancy over the course of a 
week can be accurately captured using either SmartCounter3D or SmartCounter, however, 
how patients perceive the waiting area (such as welcoming, or uninviting, for example) may 
be best captured using qualitative methods. 
 
The use of these tools can be varied due to the generic implementation of the algorithms 
behind them, and can be used to capture a multitude of data, including occupancy, dwell and 
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waiting times, utilisation, and flows. The data they capture can be used to answer a variety of 
questions that help inform the design and operation of a facility, such as, how long patients 
are waiting, how many seats does a waiting area need, what is the visitor to patient ratio, how 
early do patients arrive or when are the peak operating times. Some of these questions may 
need multiple data sources to answer effectively, but such data can be used to inform a mix of 
projects, including department (re)design or testing whether departments can be merged, to 
operational studies looking at the impact of closing access points, or activity and equipment 
utilisation. The data can also be used to inform future demand or studies which look at the 
impact of increasing patient throughput to future-proof healthcare designs. 
6 LIMITATIONS 
Although the use of camera recording equipment is commonplace in the world today, it 
should not be ruled out that, if people know they are being watched, they may behave 
differently to when they are not. This may be countered by ensuring the placement of video 
cameras is done as unobtrusively as possible to allow people to continue their day-to-day 
activities unhindered. 
 
For SmartCounter3D, there is a need for the camera to have an unobstructed view of the 
entrance area being analysed, however, this can be overcome with a high camera placement 
looking down upon the scene. Similarly, SmartCounter may be distorted if there is too much 
noise around the regions of interest drawn by the user, or if the regions of interest are drawn 
incorrectly by the user, for example, drawn around two seats as each region only counts one 
person. Similarly, using SmartCounter to analyse the utilisation of activities will provide an 
accurate level of utilisation over time, but would not be able to necessarily inform how many 
people were using the activity at any one time. 
7 CONCLUSION 
This paper has presented two tools for automatically capturing data using computer vision 
technologies to aid healthcare design projects. The use of data in such projects is vital to 
ensure a thorough understanding of the current situation for which improvement is sought. 
This has been demonstrated through the earlier example of a pharmacy department where 
design based on anecdotal evidence showed a potential drop in productivity, compared with 
an evidence based design making use of captured quantitative data. The tools presented here 
can be used in a wide variety of applications from waiting area occupancy, to activity 
utilisation, to understanding the flow patterns in and out of a space. The data these tools 
capture can greatly facilitate evidence based design practices to aid healthcare design projects. 
Additionally, the data collected can be used to evaluate and compare operational practices, 
aiding a more optimal use of existing estates where redesign is not possible. Capturing the 
right data early in the project, for example, using tools such as SmartCounter3D and 
SmartCounter, will help ensure our hospital designs are efficient, productive and cost 
effective. 
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APPENDIX C A TOOL FOR SIGNAGE PLACEMENT 
RECOMMENDATION IN HOSPITALS BASED ON 
WAYFINDING METRICS 
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Abstract: 
Navigating a healthcare facility can prove challenging to both new and existing patients and 
visitors.  Poor or ineffective use of signage within the facility may enhance navigational 
difficulties.  Signage strategies within facility design tend to be produced without 
consideration of how people typically navigate a space.  Thus, strategies that ‘work on paper’ 
may not, in reality, aid or optimize patient and visitor wayfinding.  Existing strategies for 
determining signage placement may also prove costly in terms of time spent on manual 
analysis of a facility’s floor space, including the potential for overlooking prime signage 
locations when analysing large floor plans.  This paper presents a tool which aims to aid 
signage placement strategies by analysing facility design and routes within it, based on natural 
wayfinding metrics found in existing literature. The tool is designed to enable quick analysis 
of large designs for analysing multiple routes, highlighting areas where signage placement 
would aid natural wayfinding.  The outputs of the tool are presented as a colour map which 
overlays the original 3D model design, highlighting the key areas where signage may be 
appropriate. An example of how the tool can be utilised to aid effective sign strategy is 
demonstrated on a small healthcare facility design. 
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1 INTRODUCTION 
Wayfinding as a concept of space legibility originated in 19601 and has since grown into a 
large body of research for navigation around urban settings,2,3 airports,4 shopping centres5 and 
hospitals.6,7 The act of wayfinding is typically divided into three categories – recreational, 
resolute and emergency.4 In healthcare environments, wayfinding is typically resolute or 
emergency, whereby patients or visitors are aiming to reach their destination as quickly as 
possible, either for an appointment, visiting a patient in a ward, or finding the Emergency 
Department. Hospitals can be difficult places to navigate with a lack of visual cues provided 
by the built environment available,5,8 however, environmental clues can be added in the form 
of architectural differentiation, maps, or signage. 
 
Corridors within healthcare environments link together to form a complex network connecting 
various aspects of the hospital. There can be little to differentiate between two corridors, 
causing confusion and frustration among those attempting to navigate them.9 One strategy to 
aid wayfinding involves ‘zoning’ sections of the hospital, by assigning each department with 
their own colour and then painting the confines of that department in that colour. This can 
have an added benefit of making areas attractive and can be used to send patients down paths 
of the designer’s choosing.10–13 However, this conflicts with other studies which suggest 
colours should be kept in neutral or calming tones, such as blue or green, to decrease stress in 
patients and reduce the chance of delirious episodes caused by abstract colour schemes.14,15 
 
Signs and maps are commonly used to aid navigation, though maps are considered to be less 
effective compared with signage.4,8,16–18 Maps can be misinterpreted and can cause further 
disorientation, rather than aiding the traveller in working out a route to follow. In particular, 
‘You Are Here’ (YAH) maps can prove the most difficult to understand depending on their 
orientation. For example, if a YAH map is orientated to follow the compass points (i.e. the top 
of the map corresponds to the north of the building) but the traveller is facing south, the map 
is effectively upside down and the map may be misread, with one in three people going the 
wrong way after consulting a YAH map.4,19 
 
Maps on their own are used effectively by travellers, however, when signage is available, map 
usage was found to drop by nearly two-thirds.18 This suggests that signage can therefore be a 
more effective addition to the environment to aid wayfinding, without causing potential health 
issues associated with a colour zoned building and avoiding maps which may disorientate the 
patient further. Provided the signage is transferring information which is useful to the 
traveller, journey times can be reduced when compared with those which rely on maps.17 
There are many recommendations and guidelines in the literature on how to make effective 
use of signage to aid wayfinding within healthcare environments. Signs should be placed in 
areas where patients will need them, such as decision points (for example, corridor 
intersections or atriums). They also need to be easy to understand while the patient is 
resolutely moving to their destination.5,7,8,19–22 However, arguments have been made against 
signage, suggesting that it should be used sparingly as a last resort to aid wayfinding and 
containing only the necessary information required to aid the traveller.23 
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Thus while good signage is important, it is vital to ensure it contains only essential 
information to aid the traveller in their journey. A study of library signage found that 
travellers in areas which have high connectivity, good visibility and a low complexity in the 
layout could be hindered by misleading signs and end up going in the wrong direction for 
their destination.24 Therefore, signage usage and placement needs to be carefully considered 
to avoid further confusing travellers.23 
 
A set of guidelines and best practices emerging through research and consultancy has resulted 
from differing opinions and views on what constitutes good signage. These are aimed at 
guiding designers on the best placement and use of signage for both use generally and within 
healthcare environments in the National Health Service (NHS).16,25–29 However, beyond high-
level recommendations that signage placement “is suitable for all users”, “consistent”16 and 
“not obscured or surrounded by clutter”,26 there is little available in the way of design tools to 
aid architects and engineers in effective signage placement. It has been suggested that 
building designers need to survey a space exhaustively so as to become familiar with the 
layout in order to develop a signage placement strategy.28 Designers will typically mark up 
the spatial design with where signage should be placed borne from their experience in signage 
consultancy or identifying decision points (critical locations for signage) along pathways 
between the arrival and departure points of the space.7,8,28 
 
Thus, it was the aim of this research to develop a tool that could be used by architects and 
engineers, especially those working on healthcare designs, to inform and recommend effective 
signage placement strategies based on available knowledge of how humans navigate spaces. 
This approach has also added further analysis of signage placement, beyond placement at 
decision points, to include areas where travellers’ natural wayfinding may deviate from the 
necessary path. The tool is intended to complement designers in understanding a layout and 
streamlining the signage placement design process in order to develop effective signage 
placement strategies. This paper details the methodology, development, and academic 
evaluation of the tool developed to aid signage recommendation studies with the introduction 
of computational analysis. 
2 TOOL DEVELOPMENT 
It has been shown in a variety of studies that people prefer to travel down a path that expends 
the least amount of energy or physical effort.2,17,30–33 The primarily ideal path people will aim 
to utilise is contested in the literature however between various path types, such as the 
shortest in regards to the distance travelled31–33 or the straightest path of least angular 
change.32 It has also been argued that the ideal path may be the one of least complexity, where 
the presence of hills, heavy traffic or other impediments in outdoor navigation may render a 
longer path to be preferred over the shortest.2 Similarly, it has been found that individual 
differences between people, such as gender, or spatial awareness, may impact on the 
wayfinding ability of a person and result in different path types being preferred, such as the 
path which infers the greatest feeling of safety in the traveller, or one which is most familiar, 
preferred over the shortest.2,19 Knowing how people navigate through unfamiliar spaces is key 
to determining their likely path if left without signage in an unfamiliar healthcare 
environment. 
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Of the three common types of wayfinding, it is unlikely that people would navigate a hospital 
for recreational gain. Wayfinding in this category is typically undertaken by tourists on an 
urban scale, where they might venture around a city and are open to detours and distractions 
where interesting sights or activities may be found. However, in healthcare settings it is more 
likely that travellers are wayfinding in the resolute or emergency categories. Wayfinding in 
the resolute category is typically done when there is a fixed destination and a time to arrive 
by, such as a patient attending an outpatient appointment. Wayfinding in the emergency 
category is typically done when there is a shortage of time to reach the destination. 
 
As a traveller moves throughout a space, be that an urban setting or an internal building such 
as a hospital or an airport, the mode in which the traveller wayfinds may evolve during the 
journey. It may begin in a resolute mode when the patient moves towards their designated 
department, which in turn may evolve into the emergency category as the appointment time 
gets closer. 
 
It is therefore apparent that the ideal path when navigating healthcare environments is one 
which allows the patient to get to their destination in the shortest time. However, when 
navigating an unfamiliar location it is unlikely that a patient would have such knowledge of 
the facility to be able to work out the shortest route without guidance. When faced with 
navigating unfamiliar locations travellers rely on their natural wayfinding skills to find their 
way around. These skills, typically learnt as children,34,35 vary from person to person 
depending on their gender, background and spatial awareness.19 
 
The natural skill of wayfinding is made up of a four step process: orientation; route selection; 
route control (constant confirmation that the traveller is following their selected route); and 
recognition of the destination.8,36 Route selection can be influenced and aided by a number of 
interventions, including signage, maps and previous experience of the space. However, if 
these do not exist, route selection may comprise a step-by-step process using clues from the 
environment or by following a natural path. 
 
The natural path may be a combination of several spatial navigation techniques and will serve 
to satisfy the traveller’s other psychological needs, such as the need to not feel lost.37 This can 
include a natural decision on which way to turn when faced with a T-Junction. Without 
intervention from the environment, it has been suggested that travellers will turn to the right at 
a T-Junction, however it has been argued that driving habits may influence a traveller’s 
decision to turn left or right at a T-Junction.38,39 
 
Other common natural paths include the path with the least angular deviation (i.e. keeping on 
a straight path),2,30,37,40 or the path of least complexity (i.e. least number of turns, avoiding 
backtracking, or least number of decisions).35,37,41–43 Other natural path choices may include 
the widest option (i.e. following a wider corridor round rather than keeping to the straightest 
path),38 or the most visibly accessible option.5,7,44 
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Other metrics which are used to measure a spatial layout’s ability to aid natural wayfinding 
and natural path-taking, include those measuring spatial connectivity and centrality,40,42,44–46 
however, these measure the space or network graph as a whole. For example, the measure of 
betweenness centrality46,47 identifies how central a node in a network graph is, based on how 
often is it traversed in the shortest paths connecting other nodes. This requires knowledge of 
the graph as a whole, including all of the shortest paths between nodes and how often that 
particular node is traversed in those paths. However, when travelling through a space for the 
first time, humans are unable to know how well connected the next node is based on these 
metrics. As such, these analysis metrics may not be best suited for the analysis of signage 
placement within a healthcare facility. 
 
Rather, it may be best to compare the ideal path against the natural path and isolate the areas 
along the ideal path where the natural path is different. A tool which can analyse several 
routes, comparing the ideal path to the natural path(s), allows designers, architects and 
signage consultants to develop effective signage strategies efficiently. Comparing the ideal 
path to the natural path(s) allows for signage strategies that directly align with a patient’s 
travelling path, aiding the patient in reaching their destination effectively. 
 
Figure 1 displays the typical process a designer might take using this tool. Routes' start and 
end points are identified by the designer, from which the tool calculates the ideal path for each 
route. The decision points along each route are identified by analysing the number of direct 
connections to other nodes. Following this, an analysis against the natural path may be 
conducted. The natural paths selected for inclusion in the tool following a review of the 
literature are shown in Table 1. 
 
Figure 1 – Flowchart of using the research tool 
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Table 1 – Natural paths included in the research tool 
Path Description 
Straightest Travellers prefer to continue on the path of 
least angular deviation 
Widest Travellers prefer to continue on the widest 
path (i.e. the widest corridor will be the 
preferred option at an intersection) 
Visually Accessible Travellers prefer to continue on the path 
where they have visibility to a greater number 
of nodes 
3 ANALYSING A SPACE 
The analysis between the natural path and the ideal path is conducted on a spatial drawing that 
may be typically provided by architects during a building’s design or assessment of an 
existing facility. The tool divides the spatial design into a collection of nodes using a 
combination of Voronoi diagram techniques and graph theory. A Voronoi diagram divides a 
given space into a number of regions from a given number of points (seeds), with each region 
containing all of the points in the space which are closer to one seed than to another.48 Graph 
theory is then used to connect these regions by their centre points to produce a 1D 
navigational network graph of the space. An example of this space division technique is used 
in the people flow simulator, SmartMove,49,50 which uses the points denoting the wall edges 
in the drawing to begin the Voronoi technique. These nodes contain links to each other 
generating a 1D network but are still contained within the building model, allowing spatial 
information such as connection widths and distances to be accurately maintained for analysis. 
These links to the building model allow the network to retain both 2D information of the 
space and 3D information, primarily where connections between the Z dimensions occur 
(such as stairs), allowing for the analysis of paths that traverse multiple floors of a hospital. 
 
The ideal (shortest) path between two given points is calculated using the A* search algorithm 
and stored as a collection of the nodes which the ideal path traverses, in the order it traverses 
them. Following this calculation, the tool begins to calculate what the natural path is and 
where this deviates from the ideal path. This is achieved with the assumption that the traveller 
has knowledge of their immediate next step (i.e. they begin on node one and they know how 
to move to node two initially). This assumption is made to provide an initial direction of 
travel. From there, the chosen metric is applied to identify what the next node is in the natural 
path. This node is compared with the next node in the ideal path and if the two nodes are 
different, the current node is given a flag to indicate that, at that position, it is possible for the 
natural path to deviate from the preferred and so some intervention may be of use here to 
guide the traveller down the ideal path. The node which conforms to the natural path is also 
given a flag to highlight which way the natural path might draw the traveller. If the two nodes 
are the same, then no flag is applied to either node and the tool moves on to calculating the 
next node. 
 
The pseudo code in Algorithm 1 shows the principle of how nodes are calculated as needing 
signage or not, while the pseudo code in Algorithm 2 shows the principle of how the next 
node is calculated during the analysis of the natural path. 
 A tool for signage placement recommendation in hospitals based on wayfinding metrics  
 
 139 
1. void CalculateFlags ()  
2.     int currentIndex = 2 
3.      
4.    While (currentIndex != lastNodeIndex)  
5.         Node [] n = GetNextNode(shortestNodePath[currentIndex - 1],         
                                                                shortestNodePath[currentIndex]) 
6.          Foreach (Node nd in n)  
7.             If (n != shortestNodePath[currentIndex + 1])  
8.                 n.SetFlag (PossibleDeviation) 
9.                  shortestNodePath[currentIndex] = InverventionSuggested 
10.  
11.         currentIndex++ 
Algorithm 1 - Pseudo code showing how flags are set for each node 
 
1. Node [] GetNextNode(prevNode, currentNode)  
2.     returnNode [] = null 
3.     masterMeasure = 1e10 
4.   
5.     Foreach (connected Node n in currentNodeNeighbours)  
6.         thisMeasure = CalculateCost () 
7.         If (thisMeasure < masterMeasure AND n != prevNode) 
8.             masterMeasure = thisMeasure 
9.             returnNode.Add(n) 
10.   
11.     return returnNode 
Algorithm 2 - Pseudo code showing how the next node in the natural path is calculated 
Each metric calculates the cost of each of the connected node’s neighbouring nodes to find the 
one which conforms greatest to the natural path. The cost is calculated so that the most 
favourable node will have the lowest cost and it is the most favourable node which is checked 
against the next node in the ideal path. 
4 ANALYSIS ALGORITHMS 
The algorithms which were implemented in measuring the natural path were adopted from 
metrics found in literature, or implemented in other spatial analysis tools where the algorithms 
have undergone a peer review process or been adopted by a variety of tools in industry and 
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academia. For the purpose of clarity, the implementation of each analysis metric is provided 
here. 
4.1 DECISION POINTS 
The decision-points algorithm analyses the ideal path and highlights where travellers may 
encounter confusion along this path based on the complexity. The algorithm counts the total 
number of connected nodes to the current node, with a higher number of connected 
neighbours representing a higher complexity. 
 
Research has shown that travellers wish to avoid a path which requires them to back-track23,41. 
To account for this, the algorithm removes one choice from the complexity measure 
calculated at each node, to remove the choice of backtracking. This is demonstrated in Figure 
2. Therefore, a node with only two connected neighbours will be given a complexity rating of 
one, identifying the node as having low complexity, whereas a node with five connected 
neighbours will be given a complexity rating of four, thus identifying a significantly more 
complex node for the traveller. 
4.2 NATURAL PATH TYPE 1 – VISUAL ACCESSIBILITY 
Visual accessibility analyses the path with the greatest visibility from the current node. A 
visible neighbour is defined as any node which the node being analysed has line of sight to, 
without being impeded by spatial obstacles such as walls or columns, as defined in the 
geometric spatial design. Of the visible neighbours for a connected node, only those which are 
also visible from the current node are included in the visual accessibility score for that 
connected node. For example, if a connected node has line of sight to five other nodes, but 
only two of them are also visible from the current node, then the visual accessibility score is 
two which represents the number of visually accessible nodes from the node where the 
traveller is currently stood, as demonstrated in Figure 3. 
 
Previous research has found that a greater number of visible neighbours assists spatial 
orientation and wayfinding in travellers24, so a node with good visibility may be favoured 
over others. As such, the visual accessibility analysis looks at the connected node’s visibility 
score and returns the node with the highest visibility. This highlights where travellers may be 
drawn to areas with higher visibility and away from the ideal path. 
4.3 NATURAL PATH TYPE 2 – STRAIGHTEST PATH 
CALCULATIONS 
The algorithm for calculating the straightest natural path is performed by calculating the angle 
of deviation between the straight line path travelling from the previous node to the current 
node, and the path taken from the current node to the next node, as demonstrated in Figure 4. 
The node with the smallest deviation from the straight line is considered to be the most 
favourable. 
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4.4 NATURAL PATH TYPE 3 – WIDTH 
Width analysis is based on the principle that travellers have a preference for the widest route 
option available. The analysis compares the spatial dimensions of connected nodes (not 
including the previous node) to find the node with the widest connection, demonstrated in 
Figure 5. This node is returned as the most favourable node for the natural path. 
 
Figure 2 – Decision points example 
 
Figure 3 – Visual accessibility example 
 
Figure 4 – Straightest path example 
 
Figure 5 – Width example 
4.5 NODES OF EQUAL CHOICE 
It may be possible for the analysis metrics to identify two nodes of equal favourability for the 
natural path. An example of this may be a T-junction, where both options have a 90 degree 
angle of deviation, meaning either one may be chosen on the natural path. Where this occurs 
the tool shows this as an area where an intervention may be beneficial. This is done regardless 
Optimising hospital designs and processes to improve efficiency and enhance the user 
experience 
142 
of whether one of the favourable nodes includes the next node in the ideal path, as there is still 
the potential for travellers to take the wrong path without intervention. 
5 VISUALISATION OF RESULTS 
Visualisation plays an important role in the ability to disseminate information between 
architects, engineers and clients. If the results of the analysis cannot be successfully 
communicated to stakeholders then they will be unable to act upon the information generated 
by the tool. This may result in poor signage strategies due to misinterpreted results or 
confusion over the output and its meaning. Therefore, careful consideration should be given to 
which visualisation technique makes the most sense to the end-user and associated audiences. 
 
As the key output of the analysis tool is a set of recommendations on where a designer should 
consider signage placement for the maximum benefit of a traveller (e.g. patient, visitor, etc.). 
The visualisation output of this tool is designed to show the analysis results in a colour scale 
ranging from good (areas where intervention is not required) to bad (areas where intervention 
is required, i.e. areas where travellers start to deviate from the ideal path). Areas where the 
natural path continues away from the ideal path are shown in a middle colour on the scale – 
this provides consultants and engineers with knowledge of the natural direction travellers may 
be drawn towards and may aid in the orientation of signage. 
 
Figure 6 – Example signage recommendation for the ideal path A to B visualised using a colour map of the 
straightest path metric 
Figure 6 shows the visualisation overlaid onto a CAD drawing that may be typically used by 
architects or engineers. The output shows the result of the analysis for the chosen metric (in 
this example the straightest path metric) and highlights where signage would be required to 
guide users onto the ideal path. Areas highlighted in red are areas where travellers would 
deviate if they were navigating based on the natural (straightest) path. Signage would 
therefore be recommended at these points to guide travellers in the correct direction to their 
destination (point B) on the ideal (shortest) path. 
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6 TOOL VERIFICATION 
Testing of the tool was conducted on a healthcare model from a recent industrial project. This 
model was a stand-alone pharmacy department (see Figure 7). Each algorithm was tested on 
the model and compared the outputs with those from manual analysis. For the route 
definition, two points were chosen in the model and the same route was used for each 
algorithm test. The first point in the route was placed in the entrance area, while the second 
point was placed towards the rear of the department. 
 
Verification of the tool came from a comparison of manual analysis of the model, performed 
as if producing a real signage strategy, with the analysis results of the tool. This included 
measuring the spatial dimensions of the model to ensure these were being taken into account 
by the tool. The results of this testing are summarised here. For the purposes of this 
discussion, Model-P is the name given to the test model. Figures 8 to 15 show the results of 
these tests. 
 
Figure 7 – Pharmacy department model used for testing (a line shows the ideal path between Point A and 
point B) 
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6.1 STRAIGHTEST PATH 
 
Figure 8 – Manual calculations of straightest path 
highlighted on Model-P 
 
Figure 9 – Tool results of straightest path on 
Model-P 
6.2 VISUAL ACCESSIBILITY 
 
Figure 10 – Manual calculations of visual 
accessibility on Model-P 
 
Figure 11 – Tool results of visual accessibility on 
Model-P 
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6.3 WIDTH 
 
Figure 12 – Manual calculations of width on Model-
P 
 
Figure 13 – Tool results of width on Model-P 
6.4 DECISION POINTS 
 
Figure 14 – Manual calculations of decision points 
on Model-P 
 
Figure 15 – Tool results of decision points on 
Model-P 
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Figure 16 – Example output of the tool on a larger hospital design using straightest path analysis 
 
Figure 17 – Example output of the tool traversing multiple floors of a hospital 
7 DISCUSSION 
The implementation of these algorithms provides a tool for quick signage recommendation 
analysis in healthcare facilities. The tool can be easily used by architects, engineers, 
consultants, and planners to analyse a spatial design and produce a signage strategy that aims 
to keep patients and visitors on the ideal path to their destinations. Figure 16 shows the use of 
the straightest path metric being used on a larger hospital model on two routes. This analysed 
the shortest route between point A and point B, and between point A and point C. This 
highlights in red the areas where signage would be best placed to direct travellers to their 
destination on the ideal path. Figure 17 shows the tool being used to analyse the route 
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between point A and point B, using the straightest path metric, across multiple floors. On the 
decisions metric, a change in vertical elevation would be considered by the tool to be an 
additional decision and this would be highlighted to the engineer as such. 
 
However, the tool should not be used by a user who possesses no wayfinding and signage 
experience to produce signage strategies, though it may be used as a training tool for those 
with no experience. Rather, it should be used as a guidance and recommendation tool 
combined with experience to make a good decision for the needs of the building. The signage 
recommendation analysis tool provides an analysis of the building being designed and the 
routes which people may make. This may typically be between the entrance areas and specific 
hospital departments. These routes are analysed with the aim of keeping the patient on the 
ideal path and highlights where the natural path (without intervention) may deviate from the 
ideal path. 
 
The ability of this tool to analyse multiple routes without the need of an engineer exhaustively 
surveying the space and performing the analysis manually is of great benefit to how signage 
strategies are produced. The tool can be set up with relative ease, perform the analysis, and 
produce the output for the engineer to examine. This approach enables an efficient signage 
strategy creation by automating the analysis tasks and allowing a computer to perform them 
relatively quickly, while retaining the use of human judgement and expertise for the final 
strategy. The final decision on the placement of signage should always be made by an 
experienced engineer or consultant, who may know more of the space use than is provided to 
the tool by the CAD drawing. Additional benefits of this tool can be seen where the building 
design may be in a state of flux. With manual analysis, an engineer may have to reanalyse an 
entire model to produce a new signage strategy. Using this tool, the engineer need only update 
the model and the tool will produce new recommendations in a more time efficient manner. 
 
The benefits of this tool can be seen on large scale plans where manually analysing the space 
could take a long time, and the possibility exists that an area of the floor plan may be missed 
through human error. By providing analysis results in an eye-catching warning colour, the 
engineer/consultant can produce a signage strategy based on these recommendations 
efficiently. 
8 LIMITATIONS 
In the implementation of the tool provided by this research, signage recommendation analysis 
is performed on one metric at a time as selected by the modeller. If the modeller wishes to 
analyse a design based on multiple metrics, then the modeller would need to run each analysis 
separately and then interpret between the outputs for the most optimal signage strategy. This 
is a deliberate design decision, owing to the lack of literature specifying how the metrics 
could be meaningfully combined and weighted (i.e. there is little knowledge on how humans 
navigate on the straightest path and most visually accessible path combined and which factor 
would take precedence is unknown). If further research was to be conducted and a meaningful 
hierarchy for multiple metrics established, the tool presented in this paper could be extended 
to accommodate this. 
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At present, the tool analyses the ideal path (the shortest path between two given points) 
against the chosen metric to produce the signage recommendation. However, there are other 
path types which may constitute the ideal path in addition to the shortest depending on the 
type of wayfinding a traveller is undertaking. In this research, the shortest path was used as 
the ideal path because it best matched with the resolute or emergency types of wayfinding 
typically found in hospitals. Further development of this tool may find it appropriate to 
include other path types for the ideal path for using the tool on projects in other sectors. 
 
Some research has suggested that, when faced with an equal choice, travellers will opt to turn 
right.38,39 This could be implemented within a signage recommendation tool, however, it is 
simpler, and more robust, to highlight areas with multiple choices of equal weighting as an 
area for potential confusion and offer the recommendation that signage be placed there to 
counter this, as this tool does. 
 
There may be other metrics which could also be included within the analysis functionality of 
this tool, such as those found within spatial network topology theory.40,42,44,45 There are 
measures of spatial connectivity and centrality which have not been included in this tool that 
could have a place within the functionality at a later stage. The option not to include these 
additional metrics and spatial analysis in this signage recommendation tool was based on how 
travellers actively choose to navigate through a space. For example, some of the centrality 
metrics work based on knowledge of an entire model. However, when travelling through a 
space for the first time, humans are unlikely to know how central a certain area is compared 
with another. If further research offered tangible evidence that humans do navigate using 
these metrics (either consciously or subconsciously) then the tool could be extended 
accordingly to include them. 
 
Guidelines for signage placement recommend that the distance between signage in corridors 
should not exceed 30 meters.16 Repeater signs are used to give travellers confirmation they are 
still heading in the correct direction. This particular signage recommendation factor is not 
currently implemented within the tool, as confidence in a route is not a factor which is 
considered. However, future research and development of the tool may see fit to include this 
measure to provide further signage recommendation strategies. 
 
Finally, the tool presented here is used as a ‘static’ analysis tool, used on designs and 
drawings prior to construction or renovation. As such, the tool does not take into account the 
impact of crowd movements or other pedestrian flows on the path travellers may take when 
moving through a hospital. However, the tool could be adapted to take these into account in 
further research, allowing for signage recommendations to be made based on the natural path 
taking into account the impact of other traveller movements. 
9 CONCLUSION 
This research has developed a tool to aid signage placement. This tool allows engineers, 
architects and healthcare planners to analyse multiple routes through a spatial design and 
produce an optimal signage strategy based on keeping patients and visitors on the ideal path. 
This is achieved by analysing the natural path and highlighting where the natural path is likely 
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to deviate from the ideal path. The tool combines the benefits of computational working – 
quick processing and analysis – with the benefits of human judgement and expertise. This tool 
can be used to analyse multiple routes across any spatial design efficiently and without 
missing routes, saving an engineering team from having to exhaustively study the design 
manually. 
 
At the time of writing up this research, the tool has begun to enter parallel implementation 
within an industrial company, being used in combination with existing manual methods to 
analyse wayfinding and signage issues. Early anecdotal evidence from willing adopters 
suggests the tool is beneficial to the workings of the users, however, use is still in its infancy. 
Once the tool has been used for a period of time, to allow users to get used to working with it 
and to account for any potential “honeymoon effect” caused by the introduction of the tool, a 
full evaluation study would be beneficial to understand whether the tool is having the 
predicted benefits on signage recommendation work-flow. It is hoped that this tool will aid 
signage strategists to produce effective signage placement strategies efficiently, allowing 
more time to be spent on refining the signage itself, or refining other aspects of the healthcare 
design project. 
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Abstract: 
As the National Health Service (NHS) of England continues to face tighter cost saving and 
utilisation government set targets, finding the optimum between costs, patient waiting times, 
utilisation of resources, and user satisfaction is increasingly challenging. Patient scheduling is 
a subject which has been extensively covered in the literature, with many previous studies 
offering solutions to optimise the patient schedule for a given metric. However, few analyse a 
large range of metrics pertinent to the NHS. The tool presented in this paper provides a 
discrete-event simulation tool for analysing a range of patient schedules across nine metrics, 
including: patient waiting, clinic room utilisation, waiting room utilisation, staff hub 
utilisation, clinician utilisation, patient facing time, clinic over-run, post-clinic waiting, and 
post-clinic patients still being examined. This allows clinic managers to analyse a number of 
scheduling solutions to find the optimum schedule for their department by comparing the 
metrics and selecting their preferred schedule. Also provided is an analysis of the impact of 
variations in appointment durations and their impact on how a simulation tool provides 
results. This analysis highlights the need for multiple simulation runs to reduce the impact of 
non-representative results from the final schedule analysis. 
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1 INTRODUCTION 
The National Health Service (NHS) of England, despite being viewed as one of the best 
health systems in the Western world (Davis et al., 2014), is facing some of the toughest 
challenges since its inception in 1948 (NHS England, 2013). Since 2009 these challenges 
have been focussed heavily on cost efficiencies and reducing overall operating costs 
(Nicholson, 2009; Carter, 2016). The Department of Health in England has taken steps 
towards making cost savings in NHS facilities by removing unwarranted variations, with a 
view that this will save the NHS £5bn per annum by 2020 (Carter, 2016). The report by Lord 
Carter of Coles (2016) estimates that £3bn of efficiency savings can come from a combined 
optimised use of clinical staff along with better estates and facilities’ management. A review 
of the healthcare estates of the NHS in England revealed that as much as 16% of occupied 
floor area (m2) is either unsuitable for use, under-utilised or not used at all (Health and Social 
Care Information Centre, 2015). Of the floor area available, 4.4% is reported as being under-
utilised or unused completely. It was recommended to the NHS that the amount of 
unoccupied or underused space should not exceed 2.5% (Carter, 2016) by April 2017. 
 
However, the optimisation of space usage is not the only concern the NHS has to consider. 
The utilisation of clinical staff is highlighted as the biggest area (£2bn per annum) of potential 
cost savings through an optimised use of the clinical workforce (Carter, 2016). This is further 
combined with continued work towards improving patient satisfaction (Nicholson, 2009; 
NHS England, 2014) through a reduction in waiting times and crowding (Bernstein et al., 
2009). Similarly, changing demographics gives rise to a changing NHS as the needs of the 
population put a varying amount of pressure upon the health service (Department of Health, 
2013). 
 
There is a fine balance between the metrics by which health providers are measured. Finding 
the optimum between waiting times, clinician utilisation, space utilisation and patient 
satisfaction is increasingly challenging. There has been much work in both academia and 
industry to analyse existing situations and provide solutions to improve the efficiency and 
effectiveness of care in healthcare facilities (Gunal and Pidd, 2006; Marcario, 2006; Maviglia 
et al., 2007; Hendrich et al., 2008; Bernstein et al., 2009; Dexter and Epstein, 2009; Reynolds 
et al., 2011; Greenroyd et al., 2016). 
 
It can be argued that at the core of these concerns is the scheduling of patient appointments, 
with much research available on systems to aid appointment scheduling (Fetter and 
Thompson, 1965; Kuljis, Paul and Chen, 2001; Harper and Gamlin, 2003; Gunal and Pidd, 
2010). It can be difficult to successfully balance utilisation and satisfaction if the patient 
scheduling is not optimised for the current clinic setup. There are many factors which can 
impact the effectiveness of the patient schedule including no-shows, arrival patterns (i.e. a 
patient arriving either early, on-time, or late for an appointment) and appointment duration 
variations. A study into operating theatre tardiness found that for every minute a surgery 
started late, the department’s staffing was increased by 1.1 minutes for an 8-hour surgery day 
(Dexter and Epstein, 2009), thus negatively affecting the department’s performance and 
efficiency. 
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The primary challenge with scheduling is the uncertainty in appointment durations, with high 
variations in appointment durations viewed as a key cause for clinical delays (Huang and 
Kammerdiner, 2013), increasing waiting times and clinic over-run. There have been attempts 
in the literature to tackle these concerns by accommodating variations into scheduling, with 
the implementation of decision trees (Huang and Kammerdiner, 2013), or by using discrete-
event simulation to compare scheduling techniques (Lee et al., 2013). 
2 RELATED WORK 
hospital departments is well documented in the literature (Jun, Jacobson and Swisher, 1999; 
Anderson and Merode, 2007; Gunal and Pidd, 2010). Studies include making strategic 
decisions for various departments (Ballard and Kuhl, 2006; Denton et al., 2006; Vanberkel 
and Blake, 2007; Leskovar et al., 2011); estimating capacity levels and measuring waiting 
times (Werker et al., 2009); analysing patient flows (Brenner et al., 2010; Zeng et al., 2012); 
measuring policy impact (Fletcher et al., 2007); and simulating patient scheduling and 
utilisations (Harper and Gamlin, 2003; Werker et al., 2009; Lee et al., 2013; Quevedo and 
Chapilliquén, 2014). It has been argued that the extensive use of process modelling is limited 
in healthcare compared with other industries (Harper and Pitt, 2004) due to the complexity of 
the processes and the vast amounts of data required to provide accurate models (Antonacci et 
al., 2016). 
 
Those that have used discrete-event simulation to analyse patient scheduling do so in an 
attempt to resolve issues such as reducing waiting times (Harper and Gamlin, 2003), reduce 
planning time for schedules (Werker et al., 2009) or compare scheduling models (Lee et al., 
2013). With the exception of Lee et al. (2013) there are few studies which measure the 
performance of scheduling models against a range of metrics. Typically, studies have focused 
on one key metric, while Lee et al. (2013) evaluated four metrics including clinic overtime, 
waiting times, unmet demand, and use of appointment slots, but did not measure such metrics 
as clinic room utilisation or clinician utilisation. 
 
These tools are typically built to analyse and solve specific scenarios at specific facilities. 
However, there are some generic models produced using techniques such as Business Process 
Modelling and Notation (BPMN) to build accessible simulation models for optimising 
healthcare processes (Rolón et al., 2008; Antonacci et al., 2016). BPMN requires users to 
understand the notation used, which may make the approach prohibitive to healthcare estates 
managers or department managers. 
 
This paper introduces a new tool with modifiable inputs offering a reusable simulation model 
for optimising patient scheduling. This tool gives the ability to balance performance for a 
range of metrics applicable to the NHS, including waiting times, clinic utilisation, waiting 
room utilisation, clinician utilisation, and clinic over-run. 
Figure 1 – Flowchart of using the tool 
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3 METHODOLOGY 
The tool presented in this paper was built in response to increased demand for outpatient 
services at a NHS hospital in the UK. The NHS Trust designed a new cancer treatment centre 
with specific space allocated for outpatient services. However, since the design and 
construction of this facility began, demand for the outpatient services at the existing facility 
has risen to a level higher than anticipated. The Trust wished to produce optimal patient 
schedules based on a variety of clinic scenarios, such as number of rooms or clinicians 
available while operating within a set of performance targets for key metrics, including: 
patient waiting times, clinician utilisation, clinic utilisation, waiting room utilisation, and 
clinic over-run. The purpose of the tool presented here was, therefore, to identify appropriate 
levels of activity (e.g. number of daily attendances) that the outpatient department could 
accommodate to maximise the utilisation of the clinic rooms and clinicians whilst maintaining 
a positive patient and clinician experience. 
 
The Trust were operating two clinic models in the outpatient department; a dedicated clinic 
model where clinicians stay in one room for the clinical day; and a hub and spoke model 
where clinicians use a central hub to complete admin work (e.g. patient notes). These have a 
smaller number of clinic rooms to consult with patients (i.e. clinicians use any free clinic 
room). These clinic models can operate in parallel during a day with variable numbers of 
clinicians and rooms across two floors of the outpatient department. This paper details the 
development, inputs, simulation and outputs of the tool developed to aid clinic planning for 
the Trust. Figure 1 shows the process users take using the tool presented here. 
3.1 INPUTS 
Two factors which negatively impact patient scheduling, and hospital performance, are 
variations in the appointment durations (i.e. the time a patient spends with a physician) and 
arrival times (i.e. whether a patient arrives early or late for their appointment). For 
appointment duration variation, an analysis of anonymised historical appointment data was 
performed to identify the variation. Historical data were provided for a five month period 
between July and November 2015 for a range of outpatient appointment types and included 
the arrival time of the patient, totalling 4,945 data points. Of this, some appointments were 
excluded from analysis where the duration was less than five minutes or greater than 90 
minutes (278), or where the appointment data were incomplete (919), for example, if it did 
not specify the activity undertaken. This was done to remove appointments which were 
logged after they occurred (i.e. typically resulting in very short appointment durations) and 
ones which could not be specifically linked to the outpatient services of this department. This 
gave a remaining total of 3,748 data points for analysis. An average (mean) appointment 
duration for low throughput (24mins) and high throughput (22mins) clinic models were 
extracted, along with the value representing one standard deviation from this mean 
appointment duration. Figure 2 shows the distribution of appointment durations for the low 
throughput model and Figure 3 shows the distribution for the high throughput model from the 
historical data. 
 
The tool uses a number of inputs that define the clinic day to be analysed, ranging from the 
number of rooms and clinicians available, to the arrival profile of patients. The inputs are 
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modifiable by the user at runtime, allowing them to simulate a variety of scenarios. For 
example, users can simulate and compare between 24 clinic rooms and 36 clinic rooms with 
ease. Previous academic discussion has noted that tools for this type of modelling are better 
understood by users if the inputs have sensible default values from the outset (Fletcher et al., 
2007; Gunal and Pidd, 2010). In acknowledgement of this, the tool was developed with 
default values for each input derived from discussions with the Trust and analysis of the 
historical data. The inputs and their default values are given in Tables 1 through 4. 
 
The inputs provide a comprehensive analysis model which evaluates the range of metrics 
defined by the Trust. Of these inputs, some are related to the clinician working practices and 
protocols. An example of this is the clinician write-up period after each appointment has been 
completed. This is the time in which clinicians enter details of the patient’s visit into their 
electronic records system, order follow-up tests, and organise referrals as necessary. For the 
dedicated clinic model, this occurs in the same room as the appointment undertaken by the 
clinician who does not leave, and so this time is taken into account in the room turnaround 
(the time taken for the room to be prepared for the next patient). However, for the Hub/Spoke 
model, this write-up time is conducted at the staff hub, allowing the room to be freed up 
quicker for the next patient to be seen by another clinician. 
3.2 QUEUES 
Queueing is relatively simple in the dedicated model, with patients arriving at the waiting area 
and then waiting for a room to be free following the room turnaround and the clinician write-
up period. However, for the Hub/Spoke model queuing is slightly different, with there being a 
need for both a room to be empty, and a clinician to be free. The logic flow for this queue is 
presented in Figure 4. 
3.3 PATIENT NUMBERS 
The objective of the tool is to produce an optimal patient schedule that allows the department 
to examine as many patients as possible in a given day while keeping within the agreed target 
for a range of metrics. As such, the tool does not take in a single figure for the number of 
patients, but rather a range and step size. This range is analysed, increasing by the step size 
for each simulation run. This provides the users output for each metric for the range of 
patients, allowing them to compare schedules and choose the optimal with ease. 
 
Figure 2 – Distribution of low throughput 
appointment durations 
 
Figure 3 – Distribution of high throughput 
appointment durations 
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Table 1 – Scenario inputs and default values 
Input Default value Description 
Clinic hours 10 hours How many hours does the 
clinic wish to run for? 
Appointments per day (min) 150 What is the smallest number 
of patients to simulate? 
Appointments per day (max) 500 What is the largest number of 
patients to simulate? Setting 
the maximum to the same 
value as the minimum will 
result in a simulation run of 
just that number of patients, 
regardless of step size. 
Appointment step size 50 What are the steps of patients 
to simulate? For the default 
values the patient numbers 
simulated are: 150, 200, 250, 
300, 350, 400, 450, 500. 
Booking interval 15 minutes What is the minimum amount 
of time between appointment 
slots. For example, if a clinic 
starts at 9am, patients are 
given appointments at 9am, 
9:15, 9:30, 9:45, etc. 
Arrival profile – percentage 
of early arrivals 
70% How many patients will turn 
up early for their 
appointment. 
Arrival profile – percentage 
of late arrivals 
30% How many patients will turn 
up late for their appointment. 
Arrival profile – minutes 
early 
10 minutes How early will patients turn 
up for their appointment. 
E.G. for a 9:15 appointment a 
patient will arrive at 9:05. 
Arrival profile – minutes late 9 minutes How late will patients turn up 
for their appointment. E.G. 
for a 9:15 appointment a 
patient will arrive at 9:24. 
Arrival profile – for each 
clinic hour 
Defaults as above for arrival 
profile 
The user is given the option 
to define the arrival profile 
for each individual hour of 
clinic operation for greater 
control of the profile. 
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Table 2 – Clinic inputs and default values 
Input Default value (low 
throughput) 
Default value (high 
throughput) 
Description 
Appointment 
duration 
24 minutes 22 minutes The average 
appointment duration 
for each patient type. 
The default value 
represents the 
average from the 
analysis of historical 
data. 
Standard deviation 14 minutes 12 minutes The time that 
represents one 
standard deviation 
from the average, 
calculated from the 
analysis of historical 
data. 
Percentage of 
patients attending 
50% 50% Of the patients being 
simulated, what is the 
percentage split 
between the types the 
department caters 
for? 
Clinic model Hub/Spoke Dedicated What clinic model 
are those types 
using? Boolean 
between Hub/Spoke 
and Dedicated. 
Number of clinic 
rooms 
12 rooms 12 rooms How many clinic 
rooms are available 
to each clinic. If both 
clinics are running a 
Hub/Spoke model 
then these values are 
combined. 
Number of clinicians 13 people 12 people How many clinicians 
are working each 
type. For Dedicated 
clinics, the number of 
clinicians matches 
the number of rooms. 
Clinician write up 
time 
20 minutes 10 minutes How long do 
clinicians spend after 
the appointment 
writing up notes or 
conducting follow-up 
actions? 
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Table 3 – Clinic model inputs and default values 
Input Default value 
(Hub/Spoke) 
Default value 
(Dedicated) 
Description 
Turnaround time 5 minutes 2 minutes How long does it 
take to get the room 
prepared for the next 
patient. This is time 
the room cannot be 
used for appointment 
activity. 
Table 4 – Acceptance criteria inputs and default values 
Input Default value Description 
Maximum waiting time 30 minutes How long is an acceptable 
wait time for patients from 
their arrival time to the time 
they are seen. 
Waiting room capacity 68 people What is the capacity of the 
waiting area for patients to sit 
in? Patients that arrive early 
for their appointment take up 
a seat in the waiting area 
from their arrival time. 
Staff hub capacity 32 people What is the capacity of the 
staff hub for Hub/Spoke 
clinicians to work in. 
3.4 ARRIVAL PROFILES 
Another variance which can impact on a clinic’s operational efficiency is the arrival times of 
patients with appointments. Patients rarely turn up for an appointment at the time of that 
appointment. Rather they turn up early, to ensure they make it, or are late for a variety of 
reasons. For this, the arrival profile can be defined by the user as a uniform profile, or define 
an arrival profile for each hour of the clinic’s operations. This means that if users spot a trend 
in patients arriving late in, for example, the afternoon, this can be built into the simulation 
model to analyse the impact of this. 
 
Patients that arrive early will be registered in the model from their arrival time, and will be 
placed in the queue to be seen based on their arrival. Patients that arrive ahead of their 
appointment timeslot earlier in the model may have the opportunity to begin their 
appointment prior to the scheduled appointment timeslot if a room and a clinician are free 
when they arrive and no other patients are in the queue ahead of them. If a room or clinician is 
not free however then they join the queue to be seen when the resources are available. 
 
Patients that arrive late are processed depending on how late they arrive. For the Trust, the 
policy is for patients that arrive within 15 minutes of their appointment timeslot to be seen 
before patients with later appointments already in the queue. Effectively this allows late 
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patients up to 15 minutes grace to jump the queue before enduring an unknown wait to be 
seen. For example, if patient A has an appointment at 9:30 and arrives at 9:20, while patient B 
has an appointment at 9:15 but arrives at 9:24, patient B will be seen before patient A. 
However, if patient B arrives at 9:31, then patient A will be seen before patient B. 
 
Figure 4 – Logic diagram of patients using Hub/Spoke clinics 
3.5 SIMULATION 
The simulation is provided by the discrete-event simulation (DES) tool 
SmartProcessAnalyser, developed by BuroHappold, which builds a set of clinic rooms based 
on the inputs provided by the user and produces a simulation model for the first grouping of 
patients. This model is then executed and analysis results exported to a spreadsheet file before 
a new simulation model is generated for the next simulation run. 
3.6 MULTIPLE ANALYSIS 
The results of a single simulation can be misleading with the variance in appointment 
durations and arrival times providing a different result each simulation run. Though the tool 
uses a random function to generate the patient appointment duration and arrival time, it is 
feasible to have a ‘near-perfect’ day simulated where appointments are relatively quick and so 
it might appear that the clinic could handle more patients than simulated with a quick finish. 
Equally it is possible to have a ‘near disastrous’ day with long appointments which may give 
the impression that the clinic could only handle a small number of patients. 
 
To account for this, an analysis was performed to determine how many simulation runs would 
be optimal to obtain a valid prediction of the average, rather than allowing a ‘near-perfect’ or 
‘near-disastrous’ day to provide misleading results. The output of this recommended 40 
simulation runs be performed for each set of inputs to account for the variation between each 
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simulation run and prevent outliers from providing misleading outputs. Table 5 outlines the 
results of this analysis. The simulation model executes the analysis for a single grouping for a 
given number of runs before moving onto the next grouping. For example, a simulation of 50-
100 patients with a step size of 10 for 20 runs will analyse 20 scenarios of 50 patients before 
moving on to analyse 20 scenarios of 60 patients, and so on. A similar technique was seen in 
the work of Harper & Gamlin (2003) which ran a DES model for an Ear Nose and Throat 
(END) department 40 times to prevent outliers skewing the results. 
 
The multiple run analysis was performed using default values for the inputs, with the 
exception of patient numbers which were set at 500 patients. For each set of runs, the average 
results from that simulation were taken and measured for their variance and confidence level 
around the mean (measured at 95% confidence of the mean). For the single run analysis, the 
average values are also the only values that are exported, as opposed to multiple runs where 
the average value is the average of all values in that simulation. For example, a five run 
simulation shows the average of each of the five results on the graph outputs. Each simulation 
was run 20 times, giving 20 samples for each ‘run’ being analysed, ranging from 20 
simulation results (20 times 1 run) to 1000 simulation results (20 times 50 runs) in the 
analysis. The results shown in Table 5 show that the variance is reduced for each metric as the 
more simulation runs are performed, until 50 runs is reached. At this point, some metrics 
variance increases while others stay the same, suggesting that 40-50 runs per simulation is 
likely to provide a more reliable result than 1 run per simulation. 
3.7 ANALYSIS RESULTS 
The simulation exports the result of the analysis to a spreadsheet file that can be examined in 
full by the user and includes graphs that highlight the core results of the simulations. This 
includes the individual result for each simulation run for the user to inspect if they so wish. 
The metrics included in this tool are shown in Table 6. Each graph shows the number of 
simulated patients along the X-Axis, and for each patient grouping the average result after all 
of the simulation runs. Also given are error bars denoting the minimum result and maximum 
result of all runs. Figures 5 through 8 provide examples of the graph outputs following 
simulations using default values. 
 
The spreadsheet of results allows users to explore the simulation results in detail. For each 
metric an overall value (average of both clinic models) is provided, as well as the result for 
each clinic model. This is given for each simulation run. For the room utilisation metrics, a 
detailed output of the utilisation for each clinic type (and average of overall) for each 
simulated minute is provided. This is broken into the three states the room may be in, idle 
(empty room ready for a patient), occupied (with a patient), and being turned around 
(prepared for the next patient). This allows users to analyse periods of a simulated day when 
utilisations may be lower than anticipated. 
3.8 RESULT INTERPRETATION 
The tool provides the graph outputs on the user interface (UI) for the user to work with as 
soon as all of the simulations runs are completed, with the detailed spreadsheet of data 
available to export. However, the tool does not interpret the results to make any 
recommendations of the best schedule to adopt for the clinic. Rather, this interpretation is left 
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to the user, who can apply their experience and knowledge to weight between each metric and 
select the optimal patient schedule. For example, as government focus shifts towards 
maximising utilisation of space, it may become acceptable to have a percentage of patients 
waiting more than a given amount of time if the utilisation is increased. Such trade-off 
decisions are left to the users, with the tool providing no bias. 
The error bars in the graphs shown in Figures 5 through 8 show the minimum and maximum 
value of the results, with the columns denoted the average result. 
 
Figure 5 – Percentage of patients waiting more than 
the acceptance criteria 
 
Figure 6 – Clinic room utilisation 
 
 
Figure 7 – Waiting room utilisation 
 
Figure 8 – Clinician utilisation 
Table 5 – Analysis results for multiple runs comparison (confidence of the mean measured at 95%) 
 Metric 1 Metric 2 Metric 6 Metric 7 
Runs Avg. Var. +/- Avg. Var. +/- Avg. Var. +/- Avg. Var. +/- 
1 76.5 16.3 2.5 63.8 0.8 0.6 2358.7 24824.7 97.7 266.8 566.6 14.8 
5 75.2 1.8 1.3 63.6 0.1 0.3 2276.4 13711.6 56.4 261.3 63.0 5.5 
10 76.3 2.2 0.9 63.8 0.2 0.3 2303.9 6737.0 50.9 261.4 91.8 5.9 
20 75.9 1.0 0.6 63.8 0.2 0.3 2314 1044.2 20.0 262.9 26.1 3.7 
30 75.5 2.1 0.9 64.0 0.0 0.0 2308.1 724.5 16.7 262.4 8.3 1.8 
40 75.9 1.0 0.6 64.0 0.0 0.0 2313.4 461.8 13.3 264.4 4.9 1.4 
50 76.0 0.9 0.6 64.0 0.0 0.0 2316.1 1545.0 24.4 263.9 16.1 2.5 
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Table 6 – List of outputs *denotes a metric presented as a graph on the UI 
Metric 1* Patients waiting > 
x minutes 
The percentage of patients whose waiting time exceeded the 
maximum waiting time. 
Metric 2* Clinic room 
utilisation 
Clinic room demand as a percentage of capacity where 
demand is equal to the total time spent by patients in rooms 
(for the given clinic hours) plus the turnaround time (for the 
given clinic hours) plus the write-up time (dedicated clinics 
only during clinic hours). Capacity is equal to the number of 
rooms multiplied by the clinic hours. 
Metric 3* Waiting room 
utilisation 
Waiting area demand as a percentage of its capacity where 
demand is equal to the total time spent by patient waiting for 
clinics (for the given clinic hours) and capacity is the room 
capacity multiplied by the clinic hours. 
Metric 4* Staff hub 
utilisation 
Staff hub demand as a percentage of its capacity where 
demand is the total write-up time spent by Hub/Spoke 
clinicians in the hub (during clinic hours only) and capacity 
is the hub capacity multiplied by the clinic hours. 
Metric 5* Clinician 
utilisation 
Clinician demand as a percentage of clinician capacity 
where demand is equal to the total time spent with a patient 
or writing-up and capacity is the number of clinicians 
multiplied by the clinic hours. 
Metric 6* Total patient 
facing time (post 
clinic) 
The total amount of time spent by patients in appointments 
after the end of the clinic hours. For patients whose 
appointment began prior to the end of clinic hours, only the 
portion that occurred after the end of clinic hours is 
included. For example, if patient A begins their appointment 
at 16:50 and finishes at 17:15, with clinic hours finishing at 
17:00, this would give a patient facing time of 15 minutes. 
This is summed for all patients, so if patient B has an 
appointment from 16:55 to 17:10, the total patient facing 
time for A & B would be 25 minutes. 
Metric 7 Clinic over-run 
(mins) 
The total amount of time after clinic hours until all patients 
have completed the model. In the above example for metric 
6, the clinic over-run would be 15 minutes. 
Metric 8 Patients waiting 
(post clinic) 
This is the number of patients who are still waiting to be 
seen at the end of clinic hours. 
Metric 9 Patients being 
seen (post clinic) 
This is the number of patients that are in appointments at the 
end of clinic hours. 
4 LIMITATIONS 
Although the tool takes into account the variance in appointment durations and arrival 
patterns, it does not take into account other variances related to the clinicians and facility 
which may impact on an appointment schedule. For example, there is only a fixed input for 
the length of time clinicians will spend ‘writing up’ following an appointment. However, this 
could be subject to variance depending on the appointment, as follow-up tests may need to be 
ordered, or subsequent appointments scheduled. This variance was unable to be captured from 
the appointment history data used to calculate the variance in appointment durations, and so 
the default values for these inputs came from discussions with experienced clinicians. 
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However, because the input is accessible to the user of the tool the write-up time can be 
modified if the write-up process or time changes. 
 
Similarly, there is no variance accounted for in the room turnaround times for each clinic 
type. The clinic turnaround is the time it takes to prepare the room for the next patient, which 
may include changing bedsheets, replenishing equipment such as gloves and needles, and 
removing expended equipment. This variance was also unable to be captured from historical 
data, though it is also less likely to have as much variance as appointments and clinician 
work. Turning a room round for the next patient typically follows a given process for hygiene 
and sanitary reasons and has a fixed protocol to be followed. Thus, the impact of a variance in 
turnaround times is likely to be negligible. However, as with the clinician write-up input, this 
input is exposed to the user to be modified as they see fit. 
 
As the tool has been built for the outpatient operations defined by the Trust, it follows a linear 
unchanging clinic pathway for patients from arrival to appointment to leaving the model. It 
does not take into account other potential activities such as blood work prior to or after the 
examination. However, the underlying simulation engine allows for easy adaptation at a later 
stage to include further activities, both clinical and non-clinical, should future scenarios 
warrant it. Full implementation could allow users to build their own clinic pathway for a 
patient, however, at present this is not a function of the tool presented here. 
5 DISCUSSION 
This paper has presented a clinic planning tool that is generalisable to any outpatient clinic 
wishing to run dedicated, Hub/Spoke, or a mixture of both clinic types, as well as 
incorporating variance in patient appointment durations and arrival times for a more accurate 
simulation. The variance for appointment durations and arrival times was calculated from 
3,748 historical appointments. However, the generic inputs are open to users of the tool and 
thus allow for any Trust to adopt the tool to produce their own simulation results with ease. 
This allows the tool to be reused and prevents it being a solution for one specific problem. 
Rather, this tool can be used to tackle a range of appointment scheduling problems provided 
sensible inputs are given, saving a Trust the time and development cost of developing their 
own tool. 
 
With increasing budget restraints on the NHS, a reusable tool that can be utilised by any 
hospital or department is of benefit to the healthcare industry. Its generic modelling inputs, 
not constrained by spatial requirements, allow for reuse and easy adoption by other healthcare 
providers. However, its adaptability through the use of the extendable DES engine also 
ensures the tool can evolve with policy changes and continue to provide optimal patient 
schedules. 
6 CONCLUSIONS 
The variance in appointment durations plays a large part in the efficiency and operation of a 
clinic. Though there may be attempts to standardise appointment durations, variations will 
undoubtedly occur as individual health concerns cannot always be feasibly addressed in a 
strict appointment window. As such, it is better to accept the variance and plan with it, rather 
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than to plan for no variance and wonder why clinics are over-running every day and clinicians 
are suffering from being overworked. This tool assists with this, taking the variance and 
randomness in appointment durations and building this into the simulation model from the 
start. The use of a generic input set-up to define the clinic model allows the tool to be 
applicable to any department utilising the given clinic models to find an optimal appointment 
schedule. 
 
The variance in outputs generated by each individual simulation run has been highlighted as a 
danger of incorporating variance in appointment durations. This shows the need for multiple 
simulation runs to be performed on a DES model to reduce overall impact of outliers from 
producing non-representative results and improve the confidence in the outputs. The inclusion 
of clinician resources for the clinic also allows for future planning to be undertaken, by seeing 
the impact of clinician changes (holiday, sickness, etc.) on the system. 
Finally, a range of metrics has been included in the tool, providing a comprehensive analysis 
to the user. The metrics offer output based on current targets and guidelines for the NHS. 
These can be easily adapted or added to as targets and guidelines change. The end result of 
using the tool is the user’s ability to produce an appointment schedule which will allow for 
seeing the maximum number of patients possible in a day without negatively impacting clinic 
utilisation, clinician utilisation, clinic over-run, or patient waiting times. 
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APPENDIX E MODELING AND SIMULATING HOSPITAL 
OPERATIONS IN A 3D ENVIRONMENT 
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hospital operations in a 3D environment," 2017 Winter Simulation Conference (WSC), Las 
Vegas, NV, 2017, pp. 2952-2963. 
 
Abstract: 
The use of dashboards to aid hospital decision makers in managerial and clinical decisions is 
well documented in the literature, though few broach the challenging subject of combining 
cost measurement with user satisfaction and building layout optimization. This paper presents 
an innovative dashboard in a 3D environment, providing decision makers with simulation 
capabilities using agent based simulation, allowing examination of their facility and the 
impact of policy, process and layout changes on patients and finances. An example is 
presented for an Emergency Department, wherein the presented dashboard revealed that the 
costs of constructing additional triage rooms would produce no benefit to patients; rather, a 
change in the process would be more beneficial compared with the existing situation. It is 
concluded that the developed dashboard allows users to make comparisons between multiple 
scenarios and visualize data in an intuitive format, allowing for decision makers to optimize 
their facility and operations. 
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1 INTRODUCTION 
Healthcare is a complex array of interconnected functions aimed at prolonging quality of life 
in a population and hospitals face a wide range of issues in seeking to provide high quality 
care in an affordable manner. The National Health Service (NHS) England is viewed as being 
among the best health systems in the western world (Davis et al. 2014), yet it struggles with 
changing demographics putting pressure on the services provided (Department of Health 
2013; NHS England 2013b). In recent times, the pressure on the NHS has been increasingly 
financial. In 2009, the NHS was issued the ‘Nicholson challenge’ to find £20bn of efficiency 
savings by 2015 (Nicholson 2009). This was not met and in 2016 the UK Government issued 
the NHS a fresh target to make £5bn of efficiency savings per annum between 2016 and 2020 
(Carter 2016). 
 
Of the £5bn per annum target, £1bn is estimated to be capable of being saved through 
improved estates and facilities management (Carter 2016) by removing unwarranted 
variations between healthcare providers. As part of this, it has been recommended that NHS 
Trusts use a productivity dashboard, developed as part of the Carter Report (2016), to obtain 
an understanding of their individual estates’ costs, and areas where they can improve to fall in 
line with their peers (Carter 2016). Similar dashboards have been used before to measure a 
variety of healthcare performance in an attempt to provide manageable information to 
healthcare providers.  
 
Dashboards are used in a variety of sectors to aid the understanding and application of data. 
They have been frequently developed for business managers to integrate and summarize data 
and key performance information in a visual display (Dowding et al. 2015). Previous 
healthcare related dashboards have been developed to analyze bed occupancies (Daley et al. 
2013), readmission prevention   
 
(Stadler et al. 2016) and performance management (Mesabbah and Arisha 2016). Other 
dashboards have been built as Discrete-Event Simulators (DES) to estimate capacity levels 
(Werker et al. 2009), measure policy impact (Fletcher et al. 2007), simulate patient scheduling 
(Lee et al. 2013; Werker et al. 2009; Quevedo and Chapilliquén 2015; Harper and Gamlin 
2003) and aid strategic decision making (Leskovar et al. 2011; Vanberkel and Blake 2007; 
Ballard and Kuhl 2006). 
 
The metrics used by dashboards in a healthcare setting vary greatly depending on the use of 
the dashboard. Those that give focus to patient scheduling tend to focus on outputs related to 
utilization and patient waiting (for example, Lee et al. (2013); Al-Araidah et al. (2012)), while 
those that focus on hospital management tend to measure bed occupancy and patient length of 
stay or readmissions (for example, Daley et al. (2013); Stadler et al. (2016)). 
 
Dashboards are typically built in a way to convey important information easily without the 
risk of misinterpretation. The presentation of information from such tools should be done in a 
way that allows users to easily understand the outputs in a format that transcends language 
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barriers (Petersen 2002). Petersen (2002) suggested common output formats include the use 
of blue/green/yellow/red colors to indicate temperature (ranging from low, cold (blue) to high, 
hot (red)), and the use of traffic light systems (red/yellow/green) for outputs ranging on a bad 
to good scale. The ability to view the right level of detail for the right user is also vital to 
ensure the right information is dealt with by the right people (Pauwels et al. 2009). Too much 
data can be overwhelming to users, with usability and utility of a tool being easily lost in 
noise from too much data (Stadler et al. 2016). Similarly, the time taken to obtain value from 
data can be prohibitive if the tools do not present the data in an easy to understand format 
(Stadler et al. 2016; Halford et al. 2005). It has been argued by Halford et al. (2005) that 
accuracy of interpretation decreases when the complexity of the tool increases. 
 
There are typically two types of dashboard utilized in the healthcare sector, clinical and 
quality (Dowding et al. 2015). Clinical dashboards are defined by Dowding et al. (2015) as 
information technology which gives an output of productivity or quality indicators in a visual 
manner. They allow clinicians to access data in a timely manner to inform health decisions 
which may impact patient care (Dowding et al. 2015). Examples of clinical dashboards are 
seen in McMenamin, Nicholson, and Leech (2011), Koopman et al. (2011), and Waitman et 
al. (2011). Quality dashboards, however, provide productivity and quality indicators to 
managers in a visual manner, enabling decision makers in healthcare organizations to identify 
aspects that can be improved for efficiency, patient care or cost (Dowding et al. 2015). 
Examples of quality dashboards include Fletcher et al. (2007), Lee et al. (2013), and Al-
Araidah, Boran, and Wahsheh (2012). 
2 LITERATURE REVIEW 
A review of recent publications describing dashboards shows the vast range of technologies in 
use that aim to aid healthcare operations, ranging from web-based (Waitman et al. 2011), to 
custom developments utilizing FoxPro (Batley et al. 2011) and creating add-ons for existing 
systems (Koopman et al. 2011). Of these tools, the data output provided to users is consistent, 
aiming to give actionable intelligence to clinicians and managers for the best patient care. 
Many make use of ‘traffic-light’ output to highlight areas which need review, for example: 
when an item needs an update (McMenamin, Nicholson, and Leech 2011); highlighting that a 
new result is available (Batley et al. 2011); or indicating whether a patient’s record has been 
reviewed that day (Waitman et al. 2011). Other common features include the use of graphs to 
present information to the users, as seen in the dashboards presented by Waitman et al. (2011) 
and Daley et al. (2013). 
 
The development of dashboards is diverse and they are generally built to serve a specific 
purpose for a specific facility, rather than as a generic tool to aid facility management. This is 
seen in the dashboards presented by McMenamin et al. (2011), Koopman et al. (2011), Batley 
et al. (2011), Waitman et al. (2011) and Daley et al. (2013). The dashboard presented by 
McMenamin, Nicholson, and Leech (2011) is built as a clinical reminder system for general 
practice clinics in Whanganui (New Zealand), providing clinicians with information related to 
agreed health targets for patients. The effects of the dashboard on practice included an 
increase in the data collection for alcohol intake and smoking use among patients, along with 
an increase in cervical, breast and diabetes screening as well as cardiovascular risk 
assessments (McMenamin, Nicholson, and Leech 2011). The dashboard by Koopman et al. 
(2011) was created as an add-on to electronic health records for diabetes patients and avoided 
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repeating tests as patient information was collated in an easy to understand format, improving 
the speed with which it could be accessed by clinicians (Koopman et al. 2011). 
 
Batley et al. (2011) produced a dashboard utilizing FoxPro on Microsoft XP machines, 
linking various systems together to provide data for clinicians. The tool used a traffic-light 
system to highlight which results had been reviewed (green) and which were new (red). Key 
to the reported success of the dashboard was the interface design, with the study highlighting 
how a usable design can aid the adoption of a new system (Batley et al. 2011). The dashboard 
presented by Waitman et al. (2011) also used a color coding system to alert users to whether a 
patient record had been reviewed that day (green) or whether it needed review (red). The use 
of this color system was coupled with charts to provide pharmacists with alerts to potential 
drug dispensing errors to patients with a given background. This allowed pharmacists to 
intercept medication errors and reduce adverse drug events (Waitman et al. 2011). Daley et al. 
(2013) similarly showed that utilizing a set of clear visual displays in a dashboard layout can 
improve information-sharing and awareness between users and improve the quality of data for 
decision making. 
 
These dashboards display existing data to provide insights and represent information using 
charts, colors and other visual aids to aid decision making by users for clinical care or 
management. However, there are also dashboards which use simulation technologies to 
inform, guide and predict how clinical care and facility management may be impacted in a 
variety of scenarios. These have included studies looking at: improving radiation therapy 
planning (Werker et al. 2009); reducing waiting times and delays (Harper and Gamlin 2003; 
Vanberkel and Blake 2007; Al-Araidah, Boran, and Wahsheh 2012); modelling outpatient 
departments (Quevedo and Chapilliquén 2015); modelling emergency departments (Zeng et 
al. 2012; Cabrera et al. 2012; Brenner et al. 2010); maximizing utilization and capacities (Lee 
et al. 2013; Ballard and Kuhl 2006); and measuring the impact of policy changes (Fletcher et 
al. 2007). 
 
These studies employ a range of simulation tools to achieve the core functionality of their 
simulation dashboards, such as agent-based modelling (Cabrera et al. 2012), SIMUL8 (Harper 
and Gamlin 2003; Brenner et al. 2010; Zeng et al. 2012) and Arena (Werker et al. 2009; 
Ballard and Kuhl 2006; Vanberkel and Blake 2007; Quevedo and Chapilliquén 2015; Al-
Araidah, Boran, and Wahsheh 2012). SIMUL8 and Arena offer similar discrete-event 
simulation capabilities for complex systems analysis, such as drug dispensing and patient 
flows, with Arena additionally providing an option to visualize results in a 3D environment 
via a dashboard utilizing charts to visualize results as they are generated. Simulations can be 
used to predict a range of changes to layout or throughput. Vahdatzad and Griffin (2016), for 
example, produced a simulation model to optimize a facility layout between pod-based and 
sharing-based clinical room layouts, which advocates for the use of simulating multiple 
options when building healthcare spaces to aid decision making.  
 
However, such dashboards typically focus on a specific problem for a specific facility or 
department of a hospital. Few incorporate a direct financial cost of, for example, the floor 
space of the facility, rather, they include a reference to the cost of the care in terms of patients 
seen or re-admittance. Similarly, most dashboard tools are built for use by clinicians for 
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patient health decision making, rather than for facilities’ managers for facility-based decision 
making. They operate using primarily discrete-event simulation technologies with few 
utilizing 3D representations as the norm. As the NHS is increasingly forced to focus on both 
the costs of care in terms of space utilization and floor area, and patient safety and experience 
in terms of waiting times and quality of care, there is a gap for a dashboard that can be used 
by managers to analyze and predict a facility’s performance. This paper introduces the 
Hospital Operations Modelling (HOM) dashboard, which can be used by facility managers in 
a 3D environment to: visualize existing scenarios; predict the impact of future demand with 
agent based simulation; and manage layout changes and analyze the impact they have on 
costs, patients waiting and facility utilization. 
3 THE HOSPITAL OPERATIONS MODELLING (HOM) 
DASHBOARD 
The dashboard tool itself has been built as a plugin for Rhinoceros 3D, a 3D modelling tool 
used by architects and engineers to design and analyze building models. It is the primary 
environment utilized by SmartMove, an agent-based simulation tool developed by 
BuroHappold for use in people flow consultancy (Varughese et al. 2010; Sharma and Fisher 
2013). SmartMove has been previously used to analyze the potential performance change in a 
pharmacy department (Greenroyd et al. 2016), however, the tool is a specialized people flow 
tool used by people flow consultants and is unlikely to be used by healthcare managers. On its 
own, SmartMove is capable of simulating a given layout and a given number of scenarios, but 
can be cumbersome to the inexperienced user. 
 
Generalizability of the HOM dashboard was a key objective in its development. Rather than 
having one fixed dashboard that all users must comprehend, this dashboard is made up of 
several widgets which users can opt to display or hide based on their individual preference. 
This gives the dashboard significant flexibility in terms of layout and functionality. Each 
capability of the dashboard is self-contained within its own widget, with the user able to 
search for new widgets or remove widgets as they deem necessary. 
 
The HOM dashboard utilizes the powerful agent-based simulation modelling capabilities of 
SmartMove to provide simulation options to the dashboard. This is coupled with widgets for 
managing different layouts and displaying results back to the user. The ability to manage 
several layouts offers users the capability to modify their facility and then re-simulate a 
scenario to assess the impact of that layout change on patients and staff. For example, a 
manager may change the layout to include an additional triage room for an emergency 
department, or to close a corridor to prevent infection spread. These layout changes can be 
applied and saved to the dashboard to be selected for simulation and analysis. 
 
The self-contained widgets make it easy for users to change the model being analyzed. The 
activities widget allows users to increase or decrease rooms with a single button click, or 
create new activity definitions quickly. The layouts widget allows users to modify the 
department or facility layout by adding, moving or removing walls. Multiple layouts can be 
drawn and saved for simulation, allowing many options to be considered and presented to 
stakeholders. 
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Displaying results is spread across a collection of widgets to allow the user to select the result 
display most relevant to them. This includes a chart widget, which allows the user to select 
from a range of metrics and plot the data in an understandable format. Metrics include: 
occupancy of the whole facility or of a specific area (e.g. a waiting area); waiting times 
(average (mean) or maximum); and utilization (average (mean) or current). A cost function 
widget is also provided, allowing users to see how much the layout will cost per group of 
rooms (e.g. how much three triage rooms cost compared with five triage rooms) and how 
much the facility as a whole will cost (sum of all defined activity rooms). Finally, a range of 
analysis metrics can be superimposed as colors on floorplans, including density, footfall and 
utilization. 
 
These widgets allow users to compare the results they are most interested in and allows them 
to, for example, balance between costs and waiting times. The use of trace recording provided 
by SmartMove allows users to save the people movements for a given scenario to review 
them at a later stage. These trace files contain the movements people made for each second of 
simulation; from which utilization, wait time and occupancy data can be extracted. Trace files 
can also be combined for analysis, allowing users to compare scenarios, layouts and 
interventions on the same set of result metrics for easy comparison. Figure 1 shows the 
dashboard set up with default widgets for model, population and process simulation for an 
emergency department. 
 
Figure 1 – Dashboard modelling an emergency department 
4 MODELLING THE EMERGENCY DEPARTMENT 
Emergency departments in hospitals are diverse places of medical care. Treating minor to life-
threatening injuries, emergency departments run 24 hours a day, seven days a week, accepting 
and treating walk-in patients as well as those that arrive by air or road ambulance. In the UK, 
there is a government target to see, treat or discharge 95% of emergency department patients 
within four hours of their arrival (Department of Health 2000; NHS England 2013a). There is 
a delicate balance between seeing patients in a timely manner, utilizing the clinic space in line 
with the Carter report (Carter 2016) and keeping costs within reasonable levels. In the 
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example presented here, the dashboard analyzed the existing situation in the Emergency 
Department of a hospital in the UK, with the standard facility layout, capacities, processes and 
average patient numbers. This is followed by an analysis of the ‘what-ifs’, looking at the 
impact of adding two more triage rooms to the process; followed by looking at the effect of 
using a rapid assessment and treatment (RAT) model on the department. 
4.1 THE SCENARIOS 
For the demonstration of the dashboard’s capabilities three scenarios were defined, simulated 
and analyzed using the dashboard’s widgets as appropriate. The first scenario analyzed the 
existing situation within the Emergency Department, with the following scenarios modifying 
an aspect of the layout and patient process from standard triage to rapid assess and treat 
(RAT). The number of available services, and the service durations, were captured from the 
Emergency Department and displayed in Table 1. Figure 2 shows the typical patient process 
for walk-in patients and Figure 3 shows the patient process for ambulance arrivals for both 
standard triage and RAT processes. 
Table 1 – Service times for modelling 
Service type Capacity Service time 
(standard triage) 
Service time (RAT) 
Ambulance discharge 1 4 minutes 4 minutes 
Ambulance triage 1 7.5 minutes 15 minutes 
Walk-in triage 3 7.5 minutes 15 minutes 
ED Doctor 2 20 minutes 10 minutes 
Major beds 22 210 minutes 120 minutes 
X-Ray 1 8 minutes 8 minutes 
Bloods 1 75 minutes 75 minutes 
Specialist consultant 1 10 minutes 10 minutes 
Streaming process 1 3 minutes 3 minutes 
Registration 2 7.5 minutes 7.5 minutes 
 
Figure 2 – Process for walk-in patients 
The first scenario visualizes the existing situation within the Emergency Department, using 
the default layout, service durations, and process. This showcases how the department is 
functioning with its current demand without making changes. The 3D visualizations show 
managers how the department is performing with the patients in mind as well as the 
department’s metrics. Two additional scenarios were then defined to demonstrate the 
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dashboard’s functionality. The first additional scenario introduces two additional walk-in 
triage rooms to the layout, expanding from three to five, and compares the cost, wait times 
and utilization with the existing scenario. 
Table 2 – Scenarios modelled 
Scenario Layout Process Population 
Scenario 1 – original 
situation 
Original Standard (Figure 2) 89 patients arriving at 
a constant rate for 
~50 minutes 
Scenario 2 – 
additional triage 
Two additional walk-
in triage rooms 
Standard (Figure 2) 89 patients arriving at 
a constant rate for 
~50 minutes 
Scenario 3 – RAT 
process 
Original RAT (Figure 3) 89 patients arriving at 
a constant rate for 
~50 minutes 
The final scenario changes the process from traditional “triage” to a “rapid assess and treat” 
(RAT) process. RAT typically involves senior medical practitioners early in the assessment of 
patients with ‘major’ injuries (NHS England 2012) to better move them through the clinical 
pathway. This approach enables patients with major injuries to be seen by a doctor who can 
complete an initial assessment and define the care plan for that patient and decide whether 
they need to be admitted (NHS England 2012), thus allowing for a quicker patient pathway 
for those that require it. Nurses and junior doctors take over to implement the care plan and 
the patient is moved along the clinical pathway. Table 2 outlines the three scenarios 
simulated. 
5 RESULTS 
The results of the simulations can be loaded back to the dashboard for comparison between 
scenarios, allowing the user to compare, contrast and identify aspects for improvement in 
future simulations. This allows for easy comparison of metrics by users, with the data from 
each scenario easily accessible and comparable with the widgets provided. For this 
demonstration, three metrics were core for analyzing the effectiveness of the Emergency 
Department. First, the time it took to clear the simulation of the patients that arrived at the 
Emergency Department, i.e. the total simulation time for 89 patients (13 ambulance arrivals 
and 76 walk-in arrivals) to arrive, be seen and complete their treatment pathway. The second 
is the occupancy of the waiting area, including the queueing area for registration. The lower 
the occupancy, the quicker patients are seen and so the more positive the experience is for 
patients in a low-crowded waiting area. Finally, the waiting time for patients is a key 
component for patient satisfaction, and while the government target is set that patients should 
not be waiting more than four hours to be seen, treated or discharged, there is a general 
advantage to having patients not waiting longer than needed. As such, the wait time analyzed 
from these scenarios is the total wait time for a patient for any part of their pathway, broken 
down into the maximum wait time a patient experienced, and the average wait time. Table 3 
gives a breakdown of these results available from the HOM dashboard, while Figure 4 
provides a chart comparing the occupancy of the waiting room across the three scenarios. 
 
Emergency Department, with improvements to overall patient waiting time (a reduction of 8 
minutes on average, and a reduction of 2 hours 56 minutes for the maximum waiting time) 
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and the waiting room occupancy and crowding levels being reduced compared with the 
standard Triage process. Although Scenario Two reduced the overall maximum waiting time, 
the average wait time for patients increased as a result of bottlenecks later in the process. 
Scenario Two reduces the wait time for triage, but with patients still requiring later 
consultation, the average wait time for the patients in the model increases as they wait for 
services later in the process. 
 
Figure 3 – Process for ambulance arrivals 
Table 3 – Simulation results 
Scenario Time to complete 
Wait time 
Maximum Average (mean) 
Scenario 1 08:53:47 6hrs 18mins 1hr 7mins 
Scenario 2 08:47:01 5hrs 51mins 1hr 21mins 
Scenario 3 06:02:12 3hrs 22mins 59mins 
 
Figure 4 – Waiting area occupancy across the three scenarios 
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6 LIMITATIONS 
Although the dashboard provides users with the ability to balance the cost, patient throughput, 
waiting times, density levels, and a range of other metrics, it does not provide a measure of 
the hospital cost as a whole. The calculated cost is for clinic space, as defined by the users, 
and calculated on square meter operating/construction costs provided by the user. Non-
clinical areas, such as store cupboards, administration areas, or corridors are not included in 
the analysis unless specifically defined by the user. The cost comparisons are performed 
solely on the defined clinical space and allows the users to balance the cost of construction 
against the benefits to patients. 
 
Although the HOM dashboard is capable of storing and simulating a number of layouts 
defined by the user, it does not possess any computational intelligence capabilities to create 
layouts from a given number of rooms. This could be added in the future for use on new build 
projects or large renovation projects where the layout may be more flexible. 
 
The initial use of the dashboard may require additional training for users who may not be used 
to working with CAD models in a 3D space with simulation capabilities. Although the HOM 
dashboard aims to be as intuitive as possible with small widgets encapsulating relevant 
functionality, the large choice of widgets available to users may be overwhelming and lead to 
confusion of how to use the tool to obtain the best output. This can be countered with training 
and the documentation provided with the dashboard walks users through setting up a simple 
simulation model and comparing the results. Nevertheless, the dashboard offers users a large 
range of freedoms in dashboard set up and utilization, ranging from simulation, to 
comparison, to simple cost comparison functionality. 
 
The simulated outputs of the HOM dashboard offer only a prediction of what may occur 
within a facility based on the inputs provided by the users. If the inputs are not accurate, then 
the resultant simulation results will portray an inaccurate report of the facility. It is important 
therefore to ensure inputs are reasonable, accurate and realistic to prevent this. This can again 
be countered by training users to use the HOM dashboard appropriately. Alternatively, teams 
of users can be set up whereby one user validates the inputs of another user prior to simulation 
being carried out, thus reducing the likelihood of inaccurate inputs being used. However, this 
would increase staffing costs for each additional person assigned to work with the HOM 
dashboard and so a delicate balance of users would need to be found to prevent increased 
staffing costs outweighing the benefits of using the HOM dashboard. 
 
Finally, the outputs of the HOM dashboard reported in this paper explore the impact of 89 
patients on the Emergency Department in isolation. The simulations does not include patients 
already in the department prior to the start of the simulation, nor does it add new patients after 
the first hour. The results and benefits are therefore based on the simulation of those 89 
patients only, for comparison across the three scenarios. As emergency departments operate 
on a 24 hour basis, users may need to include additional patient numbers at the start, and 
during, the analysis of any observed population. 
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7 DISCUSSION 
The HOM dashboard presented here was designed to enable hospital and department 
managers to understand their hospital/departments and predict the impact of changes to the 
building. Changes such as the building design, number of attendances, changes to the clinical 
process, or a mixture of all three, can be analyzed in an environment which is safe for patients 
before implementation. This helps prevent poor options from being implemented which may 
negatively impact patient safety, care and/or experience. It may also help prevent unnecessary 
construction costs for hospitals by providing evidence to argue for, or against, construction. 
The example within this paper demonstrated that the additional cost of constructing two 
additional triage rooms would have produced no benefit to patients or the department. Rather, 
a change in the process provided better benefits compared with the existing situation, and the 
use of this dashboard to demonstrate that can acquire support from key stakeholders in 
projects. 
 
The inclusion of simulation allows users to predict what will happen to a facility with respect 
to the impact on the hospital’s users. It allows the NHS to keep at its heart the focal point of 
its existence, the patients which require its services. It allows the careful balance between 
patient needs and the needs of the hospital, including pressures from governmental policies 
and cost saving measures. If the dashboard were focused on only one single aspect of the 
hospital operation, the delicate balance may be lost.  Including facility functionality and 
patient simulation allows this balance to be maintained. 
 
Future dashboards may be refined further, allowing for the computer to predict, analyze and 
suggest improvements accordingly. At this stage, the HOM dashboard takes inputs from the 
user, performs simulations or calculations as required, and returns the outputs of those 
simulations and calculations in a manner that allows users to strike the right balance and helps 
to find the most appropriate solution. Future dashboards should incorporate an element of 
computational intelligence to provide recommendations from a series of simulations, allowing 
users to compare large numbers of options efficiently. Similarly, future dashboards may 
incorporate live data links with various systems such as scheduling systems, arrivals records 
and admissions data sets. Links with live data sources would allow the HOM dashboard to 
show the current situation to users in real time, while retaining the simulation capabilities that 
allow users to predict what will happen next within the facility. Live data links also allow the 
HOM dashboard to make suggestions based on previous data for what best to analyze by the 
user, such as a changing trend in admissions or seasonal admission variance. Alternatively, 
combining live data links with computational intelligence would allow the HOM dashboard to 
simulate various scenarios based on the incoming data and predict which solution for the 
future would be most optimal for implementation. However, this would require strong 
calibration of the computational intelligence and sanitization of the live data input to prevent 
miscalculation or sub-optimal solutions being suggested. 
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8 CONCLUSIONS 
This paper has introduced a new dashboard for use by hospital managers to examine existing 
scenarios, predict the impact of interventions and plan for the future of their facility using the 
safety of simulation. The use of simulation prediction allows hospitals to explore options in a 
safe environment to help optimize a solution without negatively impacting patient care or 
patient safety. The inclusion of cost measuring functions allows the dashboard users to 
balance patient satisfaction and cost effectiveness for a facility. It provides the opportunity to 
explore different options and obtain evidence to gain stakeholder support prior to the 
implementation of changes. 
The demonstration provided by this paper showcases how one Emergency Department could 
simulate different options of operation, ranging from increasing triage capacity to adopting a 
different care process. The analysis showed that constructing additional triage rooms would 
bring no benefit to the department as the planned demand was not sufficient enough. 
However, adopting a Rapid Assess and Treat process instead of the standard triage process, 
allowing patients to be processed more efficiently and provide them with a quicker care 
program for their needs, provides significant benefits to the department in terms of waiting 
times and waiting room occupancy/crowding. 
Finally, the HOM dashboard can be easily used on an entire hospital model, as well as 
modelling individual departments for the benefit of the hospital as a whole. The end result of 
using the dashboard is the user’s ability to optimize their facility for a number of metrics, 
including patient based and governmental metrics, without negatively impacting on the 
hospital’s operations and patient care. 
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